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ABSTRACT 


The olsjective of this thesis was to design, analyze, and experi- 
mentally evaluate an optimimi performance torque current generator for 
use with strapdown gyroscopes. Among the criteria used to evaluate the 
design were the following; steady-state acciiracy; margins of stahllity 
against self-oscillation, temperature variations, aging, etc.; static and 
drift errors; PVR errors; transient .errors ; classical freq.uency and time 
domain characteristics; and the equivalent noise at the input of the com- 
parator operational amplifier. 

The DC feedback loop of the torque current generator was approxi- 
mated as a second-order system. The magnitudes of the loop gain were 
approximately 159-^ and 157 ■ 3 dB for the low- and high-torque cases, 
respectively. The low- and high-torquing levels were “30 mA and 60 mA, 
respectively. 

Stability calculations yielded gain margins of l8 dB and 21 dB 
for the low- and high-torque cases, respectively. The phase margin for 
the low— torque case was 27 degrees , and for the high-torque case was 30 
degrees. These margins resulted from adjusting compensation in the 
torque current generator to give an optimum current waveform through the 
torquer coil of the gyro. Variations in the magnitude and pole locations 
of the loop transmission due to temperature changes were negligible. 

4 

The steady-state actuating error was 0.011 ppm for the low-torque 
case, and 0.0136 ppm for the high-torque case. The closed-loop bandwidth 
of the torque current generator loop was approximately 200 kHz. 
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Error calcxJ.ations indicate that transient feedthrough currents 
in the H-switch may cause a maximutn error in the movement of the gyro 
float of approximately 1.8 x 10 ^ arc-seconds per interrogation period. . 
When compared to the current-time area in an ideal 30 mA current .pulse 
under nulled gyro conditions and a limit cycle frequency of 2.4 kHz, the 
feedthrough error was approximately l4 ppm. Unequal rise- and fall-times 
of the torque ciorrent pulse contributed a worst-case gyro float movement 
error of 9*6 x lO ^ arc-eseconds per interrogation period. The worst— case 
static error was 0.7 ppjn» and the worst-case drift error was 0.07 ppm/°C 
when compared to a low-scale current of 30 mA. Worst-case PVE errors 
were 3.6 ppm/°C and 2.2 ppm/°C for the low- and high-torque cases, re- 
spectively. The worst-case long-term drift error in the PVB was approx- 
imately 96 ppm/month. 

A noise analysis of the torque current generator was made, for a 

torque current level of 30 mA. The result was a total rms input noise 

(at the input of the comparator operational amplifier) in the 0.1 Hz to 

200 kHz interval of 20.9 yV . The input noise was fo\md to be not . 

rms 

strongly dependent on the torque .current level. 

Using the Kearfott 2544 gyro, the rise- and fall-times ( 10-90^) 
for a 30 mA current pulse through the torquer were 70 nsec and 90 nsec, 
respectively. When switching torquing levels- (30 mA to 60 mA, and vice- 
versa) , the rise- and fall-times were approximately 12 psec, which rep- 
resents approximately 8 data periods. 
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CHAPTER I 


INTRODUCTION 


A. Background 

The degree of accuracy and environmental capability of inertial 
measurement units has increased rapidly in the last decade. Until re- 
cently, the platform variety of inertial units has enjoyed the role of 
being the most often used inertial xmit in inertial navigation, guidance 
and control systems. Advances in computer technology, particularly in 
resolution and speed, have made possible the emergence of the strapdown 
system as a new generation of navigation equipment.^ The gyroscope is 
the most important component of an inertial measurement \mit. 

In strapdown navigation platforms , several gyros and accelerom- 
eters are moimted directly on the vehicle body. The set of gyros and/or 
accelerometers can sense three-axis vehicle angular rates . The rotor 
spin axis of the gyro is maintained in close coincidence with the spin- 
reference axis by a rebalance electronics system connected between the 
gyro signal generator and torque generator. Information of the angular 
motion about the input axis of the gyro is contained in the history of 
the torque current required to restrain or reposition the gyro about its 
output axis. The torque required to restore the position of the sensor 
output axis is generated by an input current which is divided into 
pulses of known amplitude, polarity, and duration. Each pulse represents 
an incremental rotation of the gyro about its input axis. To the extent 
that these increments are sufficiently small and the associated digital 
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computer has sufficient speed, an accurate calculation of system 
attitude change can he made. 

The requirement of a precisely known weight for each torque pulse 
places a heavy burden upon the role played by the torque current gener- 
ator in the pulse rebalance electronics. The function of the torque 
current generator is the following: (l) to regulate the magnitude of 

the torque pulse current by referencing it to a precision voltage refer- 
ence and a high stability sampling resistor; (2) to torque scale or 
change the weighting of the torque pulses by changing the magnitude of 
the loop current; and (3) to translate a state in the logic section into 
a torque pulse polarity suitable for nulling the gyro's output error 
signal. This last function requires the torque current generator to 
contain an H-switch. The H-switch is a bridge arrangement, and must be 
bilateral in nature to allow current to be driven in both directions 
through the torquer of the gyro. The function of the H-switch then, is 
to route a precisely controlled current to the torquer. 

Any pulse rebalance electronics system must of necessity depend 
heavily upon the stability, performance, and limitations of the torque 
current generator. The H-switch bridge is a key feature of the torque 
current generator. Any basic limitations in the performance of the H- 
switch will heavily degrade the performance of the torque current gener- 
ator. The entire rebalance loop suffers as a result. Consequently, the 
performance of the torque current generator with special emphasis on the 
H-switch, is worthy of close study. 
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The design of the torque current generator is dependent upon, the 
torquing method chosen for the pulse rebalance electronics loop. There 
are two commonly used schemes for current levels incorporated in pulse 
torquing methods (for example, see Eeferences 1 and 2). These are the 
binary and ternary methods . The binary torquing method supplies torquing 
current during each interrogation (or sample) period of such a polarity 
as to reduce the gyro output error signal. The ternary torquing method 
supplies current only during each interrogation period in which the error 
signal is greater in magnitude than a predetermined threshold level. If 
the error signal magnitude is less than the threshold level in a given 
sample period, the ternary method establishes a zero torque level con- 
dition. Two versions of each pulse torquing method are in existence. 
These are discrete-pulse torquing and width-modulated torquing methods. 
The torque current pulse is width-modulated in discrete steps in the 
width-modulated pulse torquing method. 
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The implementation of the TCG is presented in Chapter III, Each 
functional "block of the TCG is treated in detail. In some cases, engi- 
neering tradeoffs are Indicated with reasons, for the selection made. 

Chapter I"V introduces the analysis section of the thesis with a 
derivation of the loop transmission for the TCG loop. Also, criteria 
for -evaluating the relative stability of -the loop are selected. The 
relative stability of the TCG loop is -chen expressed in terms of these 
figures of merit. 

Closed-loop frequency response and steady— state .accuracy are cal- 
culated in Chapter V. The feedback network of the TCG as. a function of 
frequency is considered. The feedback configuration of the TCG is sim- ■ 
plified to facilitate the derivation of the closed-loop frequency re- 
sponse parameters . The steady-state actuating error of the loop is ob- 
tained as a figure-of-merit for steady-state dynamic accuracy. 

Chapter "VI continues the stability analysis of the TCG loop from 
Chapter In this case, the stability problem is associated with tem- 

perature variations, component aging, and semiconductor device replace- 
ment . 

A continuation of performance analysis of the TCG is found in 
Chapter VII. Time domain characteristics of the closed-loop voltage gain 
are discussed. Limitations on the usefulness of such characteristics for 
characterizing the TCG are briefly treated. 

In Chapter VIII, offset and drift errors of the H-switch and pre- 
cision voltage reference circuit are .investigated. Also discussed in 
this chapter are errors. due to transient feedthrough currents and, unequal 


rise and fall times. 
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The low-freq.ueixcy noise properties of the TCG are studied in 
Chapter IX. Foise generated in the loop is referred to the input of the 
comparator operational amplifier where the low-signal resolution of the 
circuit can be immediately recognized. Chapter IX completes the analysis 
section of the thesis. 

Chapter X contains discussions of several possible modifications 
of. the TCG. These modifications revolve mainly around the type of logic 
commanding the- TCG and whether or not the +35V supply is present# • The 
current range -capability of the TCG is also investigated in Chapter X. 

The principal experimental results are detailed in Chapter XI. 

The current waveform in the gyro torq[uer coil is the signal of prime 
interest. Several photographs of voltage and current waveforms at key 
points in the TCG loop are given. 

A tabular summary of the principal results of the work is given 
in Chapter XII. Suggestions for further study are briefly discussed. 



CHAPTER II 


DESIGN CONSIDERATIONS FOR THE TORQUE 
CURRENT GENERATOR - 

The torque current generator (often referred to as TCG in this 
thesis)* has the distinction of being a most critical section of a pulse 
rebalance electronics loop for a strapdown gyro. It must be capable of 
supplying a current pulse of known amplitude, polarity, and duration to 
the gyro torquer to restrain or reposition the gyro about its output 
axis. Accuracy, stability, and reliablliny are of utmost inportance in 
the design. 

In order to fulfill its role in a pulse rebalance electronics 
loop for a strapdown gyro, the TCG must perform three separate but re- 
lated tasks: (l) regulate the magnitude of the torque pulse current by 

referencing it to a precision voltage reference and a high stability 
sampling resistor; (2) change the 'weighting of the torque pulses by 
changing the magnitude of the TCG loop current; and (3) translate a state 
in the logic section into a torque pulse polarity. The TCG, as may be 
surmised from the last statement, is not a self-sufficient unit. Rather, 
it is designed to function as an integral part of a pulse rebalance elec- 
tronics loop. At least two ports are needed in the TCG to receive scale 
factor and polarity commands from the logic section of the pulse rebal- 
ance electronics. For a better understanding of the role of the torque 
current generator in the overall performance of the pulse rebalance elec- 
tronics loop, a short discussion on the entire loop is warranted. 


7 
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A. The Torque Current Generator in Perspective 

The torque current generator treated in this work is a part of a 
width-modulated binary pulse rebalance electronics loop for strapdown 
gyroscopes. The entire loop was a team effort, the TCG being the 
author's contribution to that effort. The basic elements of a width- 
modulated binary rebalance loop are illustrated in Figure 2.1. Figure 
2.2 is a block diagram of the rebalance electronics developed at the 
University of Tennessee’s Department of Electrical Engineering. Figures 
2.1 and 2,2 were taken from the scientific report listed as reference 5- 
Eeference to these figures will be helpful in the brief discussion of 
the operation of the rebalance loop which follows. 

The proper place to begin a discussion on the operation of a re- 
balance electronics loop for a strapdown gyroscope is at the gyroscope. 
The gyroscope is attached directly to the vehicle body, and senses a 
degree of attitude change experienced by the vehicle. (For sensing 
three degrees of attitude change , three strapdown gyroscopes with their 
associated rebalance electronics loops are necessary) . The attitude 
change of the vehicle becomes an input angular rate to the gyro. The 
gyro's signal generator is excited by a sinusoidal signal. The gyro 
pickoff, (see Figure 2.l), is designed such that the error signal is the 
sinusoidal excitation signal amplitude-modulated by the angular displace- 
ment of the gyro float. 

The AC amplifier block immediately follows the gyro pickoff. This 
block consists of an AC preamplifier, bandpass filter, and an AC ampli- 
fier. The high-input impedance preamplifier receives the error signal 
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FIGURE 2.1 

THE BASIC ELEMENTS OF A WIDTH-MODULATED BINAEY REBALANCE LOOP 
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from the gyre pickoff, and removes common-mode signals contaminating the 

error signal. The output of the preamplifier feeds a bandpass filter 

■which further improves the signal-to-noise ratio of the amplified error 

signal. The AC amplifier output stage following the bandpass filter has 

the capability of accommodating a range of gain req^uirements , and it 

5 

also has a gain switching facility for scale factor changes . 

The sinusoidal AC output of the AC amplifier is fed into a syn- 
chronous demodulator. Here the processed error signal is converted to a 
DC output, the polarity being determined by the signal generator of the 
gyro. 

The synchronous demodulator is followed by a DC amplifier section. 
The function of this section is to provide any additional electronic 
gain needed and to shape the overall rebalance loop transmission for 
adequate system stability. 

The duty cycle generator receives the processed error signal from 
the DC amplifier section and, mixes it with a ramp signal. The duty cycle 
generator determines when the composite signal crosses a threshold, and 
uses this information to proportion the torque current between positive 
and negative values . The duty cycle generator sends a limit cycle signal 
to the logic section which carries the torquing rate information. Blank- 
ing signals are sent from the logic section to the duty cycle generator 
to se'fc lower bounds on the duration of positive and negative torque 
currents. The duty cycle generator also receives a sync signal from the 
logic section. These signal paths are illustrated in Figure 2.2. 
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The fimctions performed by the logic, section of the rebalance 
loop are amply illustrated in Figure 2,2. At the time of presentation 

5 

of the scientific report from which Figure 2.2 was taJben, the logic 
being used in the rebalance loop was the Hamilton Standard TTL logic 
discussed in reference 1, The rebalance loop was designed primarily for 
use with CMOS logic. However, the design is sufficiently versatile to 
work well with 5V TTL logic. 

The TCG completes the listing of the basic elements of a width- 
modulated binary rebalance loop. It receives scale factor commands from 
the logic section, torque current pulse polarity and duration commands 
from the duty cycle generator, and sends a corresponding torque current 
pulse to the torquer coll of the gyro. 

From the above discussion, the rebalance electronics loop can be 
seen as a system performing a three-fold function. First, it senses 
movement of the gyro float from its quiescent position. Secondly, it 
generates pulses of torque current to restore the float to its quiescent 
position. Thirdly, a data train is sent from the logic section in the 
rebalance loop to a digital computer where vehicle attitude changes are 
computed. For the vehicle to be where the computer thinks it is, each 
section in the rebalance loop must perform its function properly. This 
is particularly true of the torque current generator. 

B. Design Goals for the Torque Current Generator 

The TCG is in one sense a regulated current power supply. Class- 
ically, a constant current power supply is a regulated power supply that 
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acts to maintain its output current constant in spite of changes in load, 
line, temperature, etc.^ Ideally, the current source would have an in- 
finite internal .impedance. Also, it would he ahle to produce an infinite 

7 

voltage if open circuited. Obviously the output characteristics of a 
regulated cvirrent supply are the dual of the output characteristics of a 
regulated voltage supply. A practical current regulator is hounded hy a 
maximum open circuit voltage and only approximates the current source 
characteristics . 

A TCG for a strapdown gyro is more than a common current regulator. 
True, it must regulate its output current precisely. In addition, it 
must he capable of scaling its output current and changing the direction 
of the current through the load in response to commands from other sec- 
tions of the rebalance electronics. In this last respect, the TCG ex- 
hibits a characteristic similar to a pifLse-width-modulated DC servo am- 
plifier, such as one describ.ed in reference 8. 

The functions to be performed by a TCG for strapdown gyroscopes 
have been briefly discussed above. From this discussion, several design 
considerations for a TCG become apparent. 

Stability of the TCG against self-oscillation, temperature, aging, 
etc., is at the top of the list of design goals. If the TCG were in an 
unstable state with regard to oscillations, it would be useless as a 
functional block in a pulse rebalance electronics system. Sufficiently 
large gain and phase margins are a must. Minimum bias, offset, and drift 


errors are desirable. 



After stability, the criterion of accuracy is next in importance 
as a design consideration. The output of the TCG must he -current pulses 
with well-defined amplitude, polarity, duration, and shape. Mode 
switching with a minimmo. loss of data pulses to the computer is desir- 
able. The generator should be free of random moding (this is hardly a 
problem in a width-modulated binary system) . A high degree of steady- 
state accuracy requires a high loop gain at low frequencies . 

Another design consideration is reliability. Component types 
must be carefully selected, and exhaustive testing under worst case con- 
ditions is needed. Reliability, stability, and accuracy form a three- 
fold primary design consideration for the TCG. Other design goals need 
to be considered, but they must not encroach upon the reign of the tri- 
umvirate of stability, accuracy, and reliability as design criteria. 

Other salient design considerations for the TCG are simplicity, 
versatility, power consxmiption, and packaging density. All other things 
being equal, the more simple the circuit in component cotmt , the more, 
reliable it should be. The generator should be versatile enovigh to have 
a dual scale. factor capability over a wide range of current levels. It 
should be capable of being used with many different gyros, and with 
either TTL or CMOS logic sections. Power consumption should be kept at 
a minimum consistent with other design constraints. Packaging density 
should be such as to make microcircuit implementation of the circuit a 
facile task. 

Additional design goals, such as the reduction of the number of 
power supplies necessary to supply the TGG, are significant. However, 
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they are deemed by the author to have less weight in the overall design 
of the TCG than those criteria already discussed. Such goals are to be 
realized whenever possible without degrading the more important features 
of the design. 

The principal design criteria for a TCG for strapdown gyroscopes 
have been enumerated above. Next, design theory in the form of some pre- 
liminary error analysis will be presented. 

C. Design Theory - Preliminary Error Analysis 

A simplified block diagram of a TCG to perform the functions 
described earlier in this work is illustrated in Figure 2.3. For accu- 
racy, it is absolutely essential that the sampling resistor sense exactly 
the same. current that passes through the gyro torquer coll. In a prac- 
tical application this is impossible, but the circuit must approach the 
ideal situation to achieve the acceptable degree of accviracy. Any source 
of error must be carefully investigated and minimized whenever possible. 

A preliminary analysis of errors resulting from bias and scale 
factor currents and "on" voltages of the switching elements in the H- 
switch can be made without specifying semiconductor components. The 
analysis which follows is taken mainly from reference 1. 

Error Due to Lower H- switch Elements 

Reference to Figure 2.3 indicates that when semiconductor switch 

53 is "on" switch should be "off". The reverse situation is true when 

54 is on. For a given torquing mode, a desirable feature of the design 
is to have the currents passed by the two switches be equal in magnitude. 
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but occurring at different times. Since semiconductor switches are gen- 
erally bipolar or FET devices, they are either current or voltage con- 
trolled devices. Consequently ,, the current passed by the semiconductor 
switch is dependent upon either a voltage or current drive supplied to 
the switching element. The first error to be investigated is related to 
the drive signal supplied to the lower H-swltch switching elements. 

The lower H-swltch drive signals are assumed to be drive currents 

and are illustrated in Figure 2,k. In Figure 2.is-, T is the sample 

s 

period, and I and I are the amplitudes of i and i respectively. The 

3. D .L ^ 

gyro rebalance loop is assumed to be a width-modulated binary loop, and 
the indicated input rate of the gyro is assumed to be zero. Under these 
conditions, the duty cycle of each switch under consideration should be 
50 ^. 

The existence of variations in drive currents to the lower H- 

switch switching elements produce scale factor and bias current errors. 

In order to obtain expressions for these errors , it is helpful to repre- 

9 

sent i^ and i„ as DC currents and employ the time function F , where 

J. ^ 5 


F 

s 


nil 


' 

^ sin(2n-l) m^t 

\ J 


( 2 . 1 ) 


The graph of F is a square wave with an amplitude of jKL and a frequency 
s 

of 6) . oj is Str/T , where T is the sampling period. The function has 
s s s s 

a zero mean value. An equivalent circuit of the current regulator and 
H-switch sections of the TCG is shown in Figure 2.5. This circuit assumes 
the upper H-switch switching elements to be ideal. (s) is the transfer 
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function from the input of the op. amp. comparator to the output. (s) 
is the transfer function from the output of the op. amp. to the output 
of the current regulator. 

The current through the torq_uer (assumed to he compensated and 
represented hy R^) is shown in Figure 2.5, as As a result of the 

switching action of the H-switch, the actual, load current, I , is related 
to according to the equation 

= *'s ^tl • 

The H-switch current can be found hy standard circuit analysis, and is 
detailed in Appendix A. 


EqAi( jm)A2( jco)VRef (to)-[lA((*j)+lB(m) ] [R +E^R A^^( jw)A2( jw) ] 


tl 


R + E + 
o P 




(2.3) 


When m = 0, or for DC currents, the current through the torquer 
corresponds to scale factor errors. The current I under these con- 
ditions is given hy 





+l1 



a h 
2 

[R +R R A (o)A (o)] 
p 0 p 1 2 


E + E +E. + EE; 

o p t op 


A^W 


(2.ii) 


I +I 

In Equation (2. If), ^ ~^2 — ‘ \ 

normally large due to feedback effects. A(o) = Ab(o)A 2 (o) is required to 
he quite large for steady state accuracy. The other parameters in 
Equation (2.4) are small compared to R^ and A(o). Consequently, Equation 
(2.4) can he reduced to 
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I^^(to=0) 


I +T 

a D 


(2.5) 


Ideally, I (io=0) shoiild be equal to „/K . The error indicated in 
uJ. i\ei p 

Equation (2.5) is a scale factor error and corresponds to changes in the 
reference voltage. 

An error in the bias current of the torquer is also present as a 
result of drive currents to the lower H-switch switching elements. The 
proced\ire used to find this error is as follows: for Wt^O, set 

and Ig(o))=0; with these sources of DC current removed, rewrite Equation 

(2.3) » and analyze the equation to see what DC components exist as a 

resTilt of the Ij^(“) <irive current. With ^pgp(‘^)“® Ig(“)'^05 Equation 

(2.3) becomes 


-I^(m) {E^tl + E^A(juj)]} 

*■11 R + R + E^ + E R A(j(u) ’ 
o p t op 


( 2 . 6 ) 


In Equation (2.6), A(jm) = A^(joj) A^Cjta) as indicated in Figure 2.5j 


I -I, 

^a(-^ = ^s -V 


(2.T) 


Substitution of Equation (2.l) into Equation (2.7) and the result into 
Equation (2.6) yields Equation (2.8). 




s f 1 


» * 

? 2n^ (2-8) 

n=l 
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where 


A 

n 


E [l+R A(j(o)] 
p ^ o ^ 


R +R -^R.+R R A(joi) 

v\ *r 


P 


o p 


o)=no3 



j R^[l+R^A(jai)] 

R +R +R.+R R A(ju) 
o p t o p 


oo=n(j) 

s 


The actual torq.uer current, is the parameter of interest in the cal- 
culation of the bias current. I may be found by substituting Equation 
(2.8) into Equation (2.2). The result is 


8 ( 1-1 ) 

I = ^ ^ 2 

t 2 m=l 


f y 


f \ 

A 

1 

< 2-. 
n=l 

n 

[2m-lJ 

i2n-l 


sin[ (2n-l)oiJ t+ij) ] }sln(2m-l)(0 t. (2.9) 
s ^ s 


By definition, the bias current is the DC torquer current when 
the gyroscope indicates zero rate input. The DC current components of 
Equation (2.9) are given in Equation (2.10). 


) 

I (DC) = ““ — ^ ^ ’E 
t'‘ 2 n=l 


A 


n 


(2n-l) 


— cos 4 
2 ^n 


( 2 . 10 ) 


The factor A^ cos in Equation (2.10) is the real part of the complex 
factor used in Equation (2.8). Consequently, the bias current can be 
expressed as 


I^(DC) = 


*i( VI.) 

b a 

2 

TT 



E 


2n-l 


(2n-l)' 


( 2 . 11 ). 


where 
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E^[l + E A(j(o)] 

B I P. o -I 

n e ^E + E + E^ + E R-A(jo))-^ 
o p t o p ' 

w=n(») 

s 


E^ and A(jo)) are large compared to E^ and at the frequencies of Inter- 
est. As a result, in Equation (2.1l), reduces to unity. The approx- 
imate "bias current due to the drive currents of the lower H-switch 
switching elements is then 


H i -I 

2 n=l 


(VI ) 

D a 


(2n-l)' 


( 2 . 12 ) 


The- scale factor error and "bias current error, "both due to drive 
signals to the lower H-switch switching elements, have been expressed in 
Equation (2.5), and Equation (2.12), respectively. These errors are not 
corrected by the current regulator section of the torque current genera- 
tor. 


Error Due to Upper H-switch Elements 

The scale factor and bias error currents due to drive currents of 
the upper H-switch switching elements are calcvilated in the same manner 
as those due to the lower switching elements. The necessary equivalent 
circuit is shown in Figure 2.6. The results, again taken from Eeference 
1, are given in Equations (2.13) through (2.15). 

R^[l^((o) + Ig(m) + A(oo))Vjj^^(to)] 

^tl^“^ ~ R ^Tr + R^ + R R A(jm) 
o- p t op"* 


(2.13) 
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1 ^( 10 ) = 


D Si 
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•where 


B = R 
n e 


'■-R + R + R^ + R R A(jo))' 

o p t o p ^ 


(o=n(o 

s 


The ciirrent regulator corrects for these errors. Consequently, 
the actual error currents are functions of the TCG frequency response. 

Error Due to "ON'* Voltage 

As mentioned earlier, the H-s'witch is a "bridge arrangement and 
consists of t'wo semiconductor s'witches in each leg. The "OM" voltage of 
any one of the s-witches may differ from that of the other three. Such 
an unbalance in the ON voltages of the s'witcbing elements in the H-s'witch 
will result in a bias current error in the torquer. 

In Reference 1, the imbalance in the ON voltages of the four semi- 
conductor switches in the H-switch was represented by a square wave vol- 
tage sotuce in series with R, . The peak value of the source was V . The 

V O 

result of the calculations for' bias current was 



V 

o 



^(2n-l) 

(2n-l)^ 




I^(DC) = 


(2.16) 
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where 


*D = "R r ] 

n e + K + + R R A(juj) 

o p t op'' 

a)=nco 

s 

The torque current generator corrects for the voltage unbalance in the 
H- switch. Again, the actual bias current error due to the voltage un- 
balance in a function of the frequency response of the TCG-. 

A preliminary error analysis involving unbalances in drive signals 
and ON voltages of the switching elements of the H-switch has been dis- 
cussed in this section. Next, a brief discussion on the implications of 
this error analysis concerning the design of the TCG will be presented. 

D. Design Implications from the Preliminary Error Analysis 

The most distressing results of the preliminary error analysis are 
the errors in scale factor and bias currents due to an unbalance in the 
drive currents of the lower H-switch elements. The TCG does not correct 
for these errors. This situation makes it imperative that great care be 
taken to choose switching elements for the H-switch that minimize these 
errors . 

The use of simple bipolar transistor switches is all but prohibited 

by the magnitude of the resulting errors due to the drive currents to the 

lower H— switch elements . By way of example , consider the lower switching 

elements of the H-switch to be bipolar transistors with a current gain 

(AI-/AI , or Beta) of 100 at I_ = 30 mA and = IV. The magnitude of 
1/ U OHi 

the drive current to each of the lower switching elements would be 
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Ig = Iq/p “ 300 yA. This information, coupled -with Eguation (2.5) j gives 
a scale factor error of 10^ ppm. Further suppose that there is a 5^ 
variation in the drive currents necessary to turn the lower H-switch 
switching elements "ON". The result, from Equation (2.12), is a 250 ppm 
bias error due to the unbalance in the drive current to the lower H- 
switch switches. The values in this example do not include transient 
effects or temperature effects. However, the example does illustrate 
that under these circumstances there is a considerable difference between 
the current sensed by the sampling resistor and the current through the 
torquer . 

An obvious partial solution to the problem associated with drive 
currents to the H-switch switches is a semiconductor switch that draws 
very little current from the H-switch driver circuit. Except for its 
lack of sufficient speed at the present time, the optical isolator Mght 
find an application here. The best solution for the problem appears to 
be a switch labeled by one author^^ as a composite field-effect-bipolar 
transistor. Such a ‘composite transistor consisting of a p-channel MOSFET 
and an NPN bipolar transistor is shown in Figure 2.7 . The drive signal 
to the composite device is a voltage . since the FET is a voltage controlled 
device. MOSFETs are available with a maximum gate current of 10 pA. The 
drive cvirrent to the bipolar is the drain current of the FET, and passes 
through the torquer as well as the current .sampling resistor. This should 
minimize the scale factor error. 

I 

Matching of components to be used in the four switches of the H- 
switch is very important from the standpoint of bias current error. With 
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FIGURE 2.T 

A COMPOSITE FIELD-EFFECT-BIPOLAE TEADTSISTOR 
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reference to Figure 2.J, the following relationship holds. 




The MOSFET in the circuit of Figure 2,7 » will operate in either the OFF 
or ON state, the ON State Being the ohmic region. The Bipolar -will op- 
erate in either the OFF or the ACTIVE region. Note that it is impossihle 
for the bipolar to saturate in this configuration since base current flow 
through the ON resistance of the FET keeps the base-collector junction 
reverse-biased. For drain-to-source voltages well below pinch-off, the 
drain current of the MOSFET may he expressed as^^ 




(2.18) 


In Equation (2.18), is a constant depending upon the geometry of the 

device. Obviously, any variation in the parameters of Equation (2.l8) 

from one device to another will cause a variation in 1^^, and consequently 

in I, . However, the variations in I. are also those of I„. Consequently, 
t t £1 

these variations in I, are also present in the current sensed hy the 

"G 

sampling resistor. The TCG can partially correct for this error. 

A brief examination of Equations (2.15) and (2.l6), indicates that 

the same infinite series appears in both equations. The terms of the 

series are dependent upon the TCG impedances and frequency response. The 

magnitude of each term in the series is the real part of a function. 

Hence, B can be minimized if the function is made to have a value which 
n 

is mostly imaginary. This will be the case if the frequency response of 
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the TCG has a single pole.^ This may not he possible and be consistent 
with other design constraints. However, it is a desirable design cri- 
terion for minimizing bias current errors due to unbalances in OH vol- 
tages and. upper H-switch drive currents. 

Design considerations for the TCG have been discussed in this 
chapter. While the discussion has not been all Inclusive, many . prominent , 
desirable featwes of the TCG have become apparent. These featxires are 
design goals to be realized in the physical circuit to be implemented. 

The implementation of the TCG will be presented in the next chapter. 



CHAPTER III 


TORQUE CURRENT GENERATOR IMPLEMENTATION 

The TCG illustrated in Figure 3.1 is the result of an effort to 
design a near optimum, yet versatile, TCG for use in strapdown sensor 
systems. An attempt has been made to incorporate the best aspects of 
previously published torque current generators as well as the inclusion 
of improved solid state devices. As many as possible of the design goals 
discussed in Chapter IT have been realized in the implementation of the 
circuit . 

The TCG consists of a DC feedback loop containing the following; 
a precision Zener diode driven by a constant current source and serving 
as a precision voltage reference; a comparator operational amplifier; an 
error amplifier serving as a level shifter; a power transistor which 
functions as the output stage of the current regulator; an H-switch; an 
H-switch driver; two precision sampling resistors with a 'sampling resis- 
tor switching network; a TTL to CMOS interfacing circuit; and torquer 
compensation. Each of these functional blocks will now be discussed. 

A. The Precision Voltage Reference 

The application here requires a precision voltage reference with 
ultra-high stability of voltage over changes in time and temperature. 

The most important component in the precision voltage reference is the 
reference diode. The reference diode is made possible by exploiting the 
differing thermal characteristics of forward— and reverse-biased silicon 
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p-n jxmctions. A forward-biased junction has a negative temperature co- 
efficient of approximately 2 mV/°C. Reverse-biased jimctions have posi- 
tive ten^erature coefficients ranging from approximately 2mV/°C at 5-5V 
to 6mV/°C at lOV. By a judicious combination of forward- and reverse- 
biased junctions, a device can be fabricated with a very low overall 
temperature coefficient. After assembly, some of the devices within a 
lot may be overcompensated while others may be undercompensated. For 
this reason, the device reference voltage may change in either the nega- 
tive or positive direction. Manufacturers of reference diodes generally 
specify a maximum AV over a given temperature range. Sometimes the tern- 
perature stability of Zener voltage is expressed as a temperature coef- 
ficient. The temperature coefficient is usually defined as the percent 
voltage change across the device per degree Celsius. This method accu- 
rately reflects the voltage deviation at the test temperature extremes , 
but not necessarily at other points within the specified temperature 
range. This phenomenon is due to variations in the rate of voltage 

change with temperature for the forward- and reverse-biased dice of the 
12 

reference diode. 

An MZ 605, with its voltage-time stability of 5 ppm/1000 hr. and 
voltage-temperature stability of approximately 5*^ ppni/°c, could have' 
been used for the precision reference diode. However, duetto economics 
and resolution of available measuring instruments , a IIT829A was chosen 
as a reasonable substitute. (A reference voltage of 6.2V was chosen 
because the lowest discrete temperature-compensated Zener diode is rated 

I3 

at 6.2V. ) This Zener reference diode has an average temperature 
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coefficient over the operating temperature range of 5 ppm/‘^C. As men- 
tioned above, the reference diode temperature coefficient is not a linear 
coefficient, and accTirately reflects the voltage deviation at test tem- 
perature extremes only. However, the maximum A V over the operating 

z 

temperature range is specified as 5mV. This translates into a voltage- 

temperature stability of 5*20 ppm/°C. Voltage-time stability, although 

l4 

not specified, is typically better than 100 ppm/1000 hr. of operation. 

In addition, the diode has a low dynamic impedance and a silicon oxide 
passivated jimction for long-term stability. 

In the discussion of volt age -temperature stability above, an under- 
lying assumption was made that current remained constant. A significant 
change in the temperature coefficient of a reference diode usually occurs 
with a deviation above or below the test cvirrent specified. It is not 
necessary, however, that a reference diode be operated at the specified 
test current. New voltage-temperature characteristics for a change in 

current may be obtained by superimposing the I versus AV data curve 

12 

upon the AV versus ambient temperature curve. On the average, more 
z 

voltage variation is due to current fluctuation than is due to tempera- 
ture variation. Hence, once the diode current is chosen, this current 
must be supplied by a constant current source if a truly stable reference 
source is desired. 

The circuit composed of Ql6, d 4 and R3 in Figure 3.1 > is a 
constant current source to drive Dl, the reference diode. Ql6 is a type 
2N5245 N-channel junction field-effect transistor. The FET has three 
distinct characteristic regions, although only two of them are operational. 
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Below the pinch-off voltage, V^, the FET operates in the ohmic or resis- 
tance region. Above the pinch-off voltage and up to the drain-source 
breakdown voltage, the device operates in the const ant- current 

region, or saturated region. The third region is above the breakdown 
voltage. This region, where the FET is not operated, is called the 
avalanche region. For the application of driving the reference diode, 
the constant-current region is the region of interest. 

An FET with the gate and source shorted operates at 
zero-bias drain current. With the addition of a source resistor and 
diode as indicated in Figure 2.1, the circuit becomes capable of supply- 
ing any current below Resistor R3 in Figure 3.1 was adjusted to 

give an of T-5 mA, the test current specified for the reference diode. 

IL 5 

The circuit output conductance ’ is 


So = 


os 

1 + R (g + 
s os 


=fs' 


Sqs 

^ ^s®fs 


(3.1) 


where g^ and g are the real parts of the short-circuit forward trans- 
fs os 

fer and output admittances respectively. R is the combination of the 

s 

padding resistor R3 -and the dynamic impedance of the diode D4. At low 

frequencies g is equal to y . R3 is approximately 25^, and the dynamic 
os os 

impedance of the diode, D4, is approximately 3.4 ohms. R^ is typically 

28.4 ohms. From manufacturers' data, g - 0.012 mmho and g_ - 5 mmho 

OS i 5 

under the operating conditions of this circuit. These values, when sub- 
stituted into Equation (3.l) yield an output conductance of approximately 

10.5 micromhos for the FET const ant- current source. The equivalent output 
resistance is approximately 95-2 kSi. 
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For the FET constant-current source to have a zero temperature 

coefficient, (OTC), the FET must he operated at a specific current, 

IT 

the drain current for OTC. is given hy ' 


I 


DZ 


^DSS 



(3.2) 


in Equation (3.2) is the pinch-off voltage of the FET. The gate- 
source bias voltage required is 


V = V - 0.63 . 
gsz p 


(3.3) 


Operation of the FET at , hut near I , "will give a posi- 

D D/j 

tive temperature coefficient. Negative temperature coefficients result 
X5 l6 

if L The FET constant-current source driving the reference 

diode is biased at I > I . I tends to decrease with increasing tern- 

D V/i X) 

perature. However, as decreases, the ohmic drop (increases. Also, 

the forward voltage drop, V^, across the diode, decreases at approx- 
imately 2mV/®C. The gate-to-source voltage of the FET can he written as 


V 

gs 


= ~(lj)E3 + V^) 


(3.ii) 


Analyzing Equation (3*^) shows that increases as and decrease. 
An increase in V for an N-channel JFET results in an increase in the 


gs 

drain current. Hence, the FET constant-current source under discussion 
should have good bias stability with respect to temperature change. 

An additional advai^tage of using the FET constant-current source 
to supply the reference diode is one of tremendous decoupling of either 
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ripple or noise on the 15V supply line. The maximum dynamic impedance 
of the I1T829A reference diode is 10 ohms . The estimated dynamic imped- 
ance of the current source was approximately 95*2 kfi. Due to the high 
ratio of the dynamic impedance of the current source to that of the ref- 
erence diode, an attenuation of approximately 80 dB can be realized at 
freq.uencies up to several hundred kHz. 

The main disadvantage of FETs is capacitance between gate and 
source, and gate and drain. These capacitances are detrimental to high- 
frequency signal isolation. They also impose a limitation on response 
times. The source of concern in the present application is that noise 
generated by the reference diode might feedthrough the capacitances just 
mentioned. This, plus high frequency disturbances coupled through the 
reference diode, might degrade the operation of the precision voltage 
reference circuit. 

Ciirrent flowing through a reference diode produces noise. The 

internal resistance associated with the device accounts for a small part 

of this noise. The Zener breakdown phenomenon is responsible for the 

12 

larger part of the Zener noise, called microplasma noise. The micro- 
plasma noise is usually considered "white noise" . A small shunting 
capacitor can be used to eliminate the higher-frequency components of 
Zener noise. This is the function performed by the capacitor, C3, in 
Figure 3.1. An additional function of C3 is to reduce coupling of high 
frequency power supply signals back into the loop. The lower frequency 
noise must be tolerated. A capacitor large enough to eliminate the lower 
frequency components of the noise would probably degrade the reg;ilation 
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properties of the reference diode. In addition, a capacitor larger than 
0.1 pF would he more difficult to realize if the system were to he micro- 
circuited. 

The precision voltage reference, discussed in the preceding few 
pages, provides a reference input to the noninverting input of a compara- 
tor operational amplifier. This device and its associated circuitrj^ will 
he discussed next. 

B. The Comparator Operational Amplifier 

Normially, the objective in selecting the amplifier ICl in Figiare 
3.1, would he to choose the least expensive device which would meet the 
physical, electrical, and environmental requirements inposed hy the 
application. This would suggest a "general purpose" amplifier. However, 
accuracy and stability constraints for the case at hand require the low- 
est offset and drift parameters possible. Also, a very high common-mode 
rejection ratio is needed. A large open-loop gain is demanded to provide 
a sufficiently high loop transmission, which in turn will give the re- 
quired degree of accuracy. Accuracy, along with offset and drift param- 
eter requirements overshadow gain-bandwidth considerations in selecting 
the amplifier. However, an amplifier which will assure an adequate value 
of loop gain at the maximum frequency of interest is necessary for the 
desired accuracy. It is necessary that the input of the amplifier he 
protected. This is due to the fact that the current sampled by the 
sampling resistors is switching from Rp^ to Rp^ (see Figure 3.1), or 
vice-versa, in approximately 350 nanoseconds. For 30mA and 60mA levels. 
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Ep^ and Ep^ are 20T ohms and 103 ohms respectively. Obviously, rather 
large signals will occur at the input of the operational amplifier during 
the transient period of switching the sampling resistors. To limit over- 
and under-shoot in the pvilse response and to maintain close reg'ulation, 
it is essential that the amplifier have as large a slew-rate capability 
as possible. 

The above mentioned criteria, along with items of lesser interest, 

were studied closely. After detailed studies and testing, it was foimd 

that the Analog Devices AD504M offered the best overall performance. 

The problem of an insufficient slew-rate for the operational 

amplifier, ICl, plagued the performance of the circuit illustrated in 

Figvire 3.1, for q^uite some time. A high loop gain at low frequencies, 

for steady-state accuracy, requires a large value of capacitance for C9 

as compensation against oscillations. This results in more capacitance 

which must be charged by the op. amp. on each signal swing. The source 

of charging current is finite. This limitation leads to a specification 

of the output slew-rate, usually given in V/ys. The slewing rate is 

10 

defined'^ as the maximum rate of change of output voltage when supplying 
the rated output . 

A finite slew-rate imposes a limitation- on the maximvim amplitude 

of a sinewave the operational amplifier can deliver at its output. If S 

is the slew rate of the op. amp. and V (max.) is the maximum voltage 

19 

output at a frequency f, then 


V (max. ) 
o 


S 

2irf ' 


(3.5) 
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The problem of an insufficient slew rate for ICl was partially- 
alleviated "by the use of a feedforward technique (R and C in Figure 
3.1). Feedforward techniques are discussed in the literature, among 
which are those listed as References 20, 21, 22, and 23. As often as 
not, the discussions on feed-forward techniques found in the literature 
refer to a particular device. The feedforward circuit that offers op- . 
timum performance for a given operational amplifier must usually he found 
experimentally. Such was the case with the circixit in Figure 3.1. 

By means of R^ and in Figure 3-1, higher frequency signals are 
fed around the slower lateral PUP transistors following the input section 
of the operational amplifier. This makes it possible to more heavily 
compensate for stability with C9 and the RC lag network (R^ and C^), and 
yet obtain a reasonable slew rate with ICl. The transient response was 
acceptable for a 2 to 1 scale factor change, but additional work is 
needed to provide better slewing rate, overload recovery, and settling 
time for a 5 to 1 scale factor change. 

If the AD504 m operational amplifier is to exhibit its superior 
drift performance, the manufacturer recommends that the device be nulled. 

and in Figure 3.1, are typical values found from investigating 
three AD50i}M units. 

C. The Error Amplifier - Level Shift Network 

Q1 (a and B) in Figure 3.1, is a differential pair following the 
input ICl comparator and functions. in a dual role as an error amplifier 
and level shifter. Q2A serves as a constant current source to supply Ql. 
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D2 and D3 (1N5230B with = U,TV) serve to clamp the signal excursions 

at the base of QIA and prevent saturation of either QLA. or Q2A; the 

diodes are normally not conducting. Resistors R7 and R8 in the emitters 

of QIA and QlB increase thermal stability and decrease the gain of this 

stage. The RC lag network (R and C ) across the collectors of QIA and 

c c 

QlB helps shape the frequency response of the TCG. 

The error amplifier is operated in the non-inverting mode to re- 
duce any Miller effect at the base of QIA and hence improve the frequency 
response. While duals (2N5T9^) were used for Q1 and Q2, a quad NPDf such 
as the MHQ2222, or individual 2W2222 transistors would serve as well. 

D. The Power Transistor Stage 

A Darlington configuration is used for the output stage of the 
current regulator section of the TCG. One half of a 2W579U drives the 
medium power transistor, Q3. An SDT6 i 03 may be used for Q3, but tends to 
operate at an elevated temperature. An MPS-UO 6 is a better choice, and 
operates much cooler when properly heat-sinked. The Darlington config- 
uration used here does not load the collector circuit of QlB, and has a 
current drive capability that far exceeds the required 60mA. 

E. The H-Switch 

The H- switch is a modification of the H-switch in the Hamilton 
Standard system outlined in the Lawrence Report.^ The H-switch is a 
bridge arrangement consisting of four composite MOSPET-bipolar transistor 
switches. (This type of switch was discussed briefly in Chapter II and 
illustrated in Figure 2.7> ) All the MOSPETs in the H-switch of the U.T. 



system are P-channel, vhereas in the Hamilton Standard version two P- 
channel and two N-channel MOSFETs were used. Since dual W-channel 
MOSFETs are at present unavailable commercially, matching was more 
easily accomplished with' P-channel devices. A dual P-channel MOSFET 
with separate source and drain leads is necessary in the lower switches 
or the H-switch, i.e., for QTA and QTB in Figure 3.1. The type 3N190 
P-channel MOSFET was used for both Qh and Q5 in the H— switch. It has a 
maximum r _ (on) of 300 ii, 10^ matching of , and is readily available 

Do JL S 

from several manufacturers. Also, it has a minimum of UO'V, which 

is difficult to obtain in many of the other available dual MOSFETs. 

Each composite switch in the H-switch contains a bipolar tran- 
sistor as well as a MOSFET. Type SDT6103 bipolar transistors were chosen 
to fill this role. This device has a of 50V, a maxim-um collector 

current rating of 5 amperes, and total power dissipation (with a TO-5 
case) of T watts. It has a maximum turn-on and turn-off time of 50 nano- 
seconds, and f^ of approximately Jt50 MHz in the region of interest, and 
a beta curve which is almost flat in the region of interest. 

The H-switch, composed of the four composite MOSFET-bipolar 
switches discussed above, has excellent electrical isolation from the 

3 

H-switch driver circuit. This was discussed in the U..T. Annual Report 
of 1972. The composite MOSFET-bipolar switches have excellent thermal 
stability, as pointed out in the Masters Thesis given as Reference h. 

More will be said about the thermal stability of the H-switch in a later 


chapter . 
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F. The H-Switch Driver 

This circuit has the function of translating a state in the logic 
section into a torque current polarity. When instructed by the logic, it 
sets up the H-switch to route the torquer current in the necessary direc- 
tion through the torquer to null the error signal. 

The H-switch driver is designed to relegate any limitations in 
switching speed to the H— switch itself. Since the H— switch driver is 
essentially driving a capacitive load, considerable effort was necessary 
to acquire switching times for the 0-35F excursions. Best results were 
obtained using bipolar transistors with active pull-ups and active pull- 
downs in the output stage of the driver circuit. In Figure 3.1, Q15A 
and Q15B are the output stages ; Q13A and Q14A fimction as active pull- 
downs, rapidly sweeping base charge out of the output stage which is 
turning off; Q13B and Q14 b serve as active pull-ups to rapidly charge 
the output capacitance of the output stage turning off. The EC networks 
connecting the SNT^OO IC to Q13 and Ql4 are commutating networks. The 
SNT400 serves as the input section of the H-switch driver circuit. 

The H-switch driver circuit also serves as an Interfacing circuit 
for TTL to MOSFET levels. If CMOS logic is used in the logic section of 
the pulse rebalance electronics , then a modified version of the H-switch 
driver should be substituted. A modified version has been designed and 
experimentally checked. This alternate H-switch driver circuit will be 
discussed in a later chapter on the versatility of the torque current 


generator. 
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G, The Sampling; Besistors and- Sampling -Resistor S-witchinpr Network 

Two sampling resistors are required in this design since the pre- 
cision voltage reference (PVR) is held constant. With the PVE chosen at 
6.2 V, values of and Rp^ can then be chosen to give desired currtent 
levels and scale factor ratio. For current levels of 30mA and 150mA', or 
a scale factor ratio of 5 to 1, Rp^ and Rp^ are required to be approxi- 
mately 206.T and 4l.3 respectively. The TCG has been operated with 
30 and 150mA levels, and also with 30 and 60mA levels. The 60mA high 
requires Rp^ to be approximately 103.3 fi. The wattage of the sampling 
resistors should be 3 W minimum. Naturally, the sampling resistors need 
to be as stable as economics and availability allow, and if wirewound, 
shoTild be as noninductive as possible. 

The sampling resistor switching network consists of .a quad MOS 
analog switch .(MM552D, a four MOS transistor package), two type SDT6103 
bipolar transistors, and resistors R17 and Rl8. Transistors QIO and Qll 
are paired with Q12D and Q12A respectively to form two composite MOSFET- 
bipolar switches. Q12B and Q12C serve as buffer switches between the 
sampling resistors and the comparator amplifier. 

The quad MOSFET analog switch is biased at approximately lOV to 
ensure that the inherent diodes , formed from source and drain to the sub- 
strate, are never forward biased. This is also required because the 
voltage at the base of the H^switch (emitters of Q8 and Q9) may be as 
high as 8 volts. The lOV bulk bias is obtained from the 15V supply by 
means of R5 and D5. This eliminates the need of a separate lOV supply. 
Biasing the quad MOS analog switch at lOV requires a gating voltage of 
approximately zero to.lOV. If the switch is driven by CMOS logic, this 



is no problem. However, if the switch is driven by TTL logic, then in- 
terfacing is necessary. A circuit which will perform this interfacing 
function satisfactorily is given in Figure 3.2 and is discussed next. 

E. The TTL to CMOS Interfacing Network 

The TTL to CMOS interface circuit mentioned immediately above 
(and shown in Figure 3.2) is identical to the H-switch driver circuit, 
except for having a lOV supply instead of a 35V supply. The lOV supply 
is obtained from the 15V supply by means of Q23 and associated resistors. 
This circuit is given in Figure 3-2, along with the TTL to CMOS interface 
circuit. The interfacing circuit is unnecessary if CMOS logic is used. 

I. Torquer Compensation 

The torquer compensation network depends upon which gyroscope is 
being used. The goal of the compensation is to make the torquer coil 
look purely resistive. For the Kearfott Model 25 UH gyro, experimental 
measurements indicate a torquer inductance of 3.08 mH, a torquer resist- 
ance of Tl-T and a stray capacitance of 20.4pF. The compensation 
necessary to make the torquer coil appear resistive is developed in 
Appendix B. From Appendix B, the values of and C^^ in Figure 3.1, 
needed to compensate the Kearfott Model 25^^ gyro are Tl-T and O. 6 O yF, 
respectively. The stray capacitance was not compensated. 

The compensation values given immediately above are for a partic- 
ular frequency of a sinusoidal excitation. This, particular frequency is 
2.1+kHz, which is the limit cycle frequency of the duty cycle generator. 
The compensation of the torquer coil is reasonably sufficient for 
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switching polarities of the torquer current at the limit cycle rate. 
Switching from one torquer current level to another occurs at a different 
frequency, however, and the torquer coil is not optimally compensated 
for this phenomenon. Also, the excitation current of the torquer coil 
is more nearly a square wave than a sinusoidal one. The direction of 
the current through the torquer coil is switched at the 2.UkHz rate con- 
tinuously, whereas switching current levels occurs far less frequently. 
Since optimum compensation for both of these switching schemes is either 
impossible or difficult to achieve, less error is involved by compensating 
for the polarity switching rate of 2.1i-kHz. 

The basic design, implementation, and function of each of the 
major divisions of the TCG has been discussed. Attention will now be 
t^lrned to evaluating the performance characteristics of the TCG. Sta- 
bility against self-os dilation is of prime importance in such an evalu- 
ation, and will be investigated in Chapter IV. 



CHAPTER IV 


LOOP TRAUSMISSIOW ATO STABILITY 
AGAINST SELF-OSCILLATION 

The TCG is a useless piece of circuitry if it is not stable against 
self-oscillation. Needless to say, an unstable system may eventually 
destroy itself and its surroundings. 

2h 

Schwarz and Priedland define a system as being stable if and 

only if any bounded input results in a bounded output. According 
25 

to Goldman , a system is stable if a small impressed disturbance, which 
itself dies out, results in a response which dies out. These definitions 
of system stability give a reasonably clear concept of the stability of a 
system against self-oscillation. Some criterion or criteria for stability 
must be chosen to determine absolute stability and/or relative stability. 

Many texts on control theory and feedbacls; systems are available 
which treat the concept of system stability extensively. Absolute sta- 
bility of a system can be determined by applying the Eouth-Hurwitz cri- 
terion to the characteristic equation of the closed-loop system. Refer- 
ence 26 has a good discussion on this technique. The Routh-Hurwitz cri- 
terion does not yield any information on the degree of stability of a 
feedback system. If unstable roots are present, no indication is given 
as to the location of these roots in the right-half s plane. On the other 
hand, if the characteristic equation has stable roots, the Routh-Hurwitz 
criterion does not specify where the root locations are with respect to 
the s = axis. 


1+8 



3Vo tasic methods are available for predicting and adjusting a 
system's performance without resorting to the actual solving of the sys- 
tem's differential equation. One of these is the Nyquist stability cri- 
terion, and the other is the root-locus method. The Nyquist stability 
criterion is a graphical method, and may be used with the gain-phase 
plot , the polar plot , and the Bode plot for minlm-um phase open-loop func- 
tions. This method involves the analysis and interpretation of the 
steady-state sinusoidal response of the system's transfer function to 
reach an understanding of the system's response. 

The root locus is a plot of the roots of the characteristic equa- 

27 

tion of the closed loop system as a function of the gain. The root- 

locus method is a graphical approach, and is based upon the fact that 

closed loop poles are related to the zeros and poles of the open-loop 

transfer function and the gain. It provides a correlation between the 

feedback system's open-loop poles and zeros and the system's stability 

characteristics, its frequency and transient response, and its steady- 
28 

state behavior. 

Because of the partictilars of the situation and the author's per- 
sonal preference, the Nyquist stability criterion applied to the Bode 
plot will be used to attack the problem of the stability of the TCG. 

This will require a determination of the loop transmission of the TCG for 
both the low- and high-current modes. This task is complicated by two 
factors which are both concerned with the open-loop frequency response of 
the AD504 m operational amplifier. The first factor is that no phase in- 
formation is normally provided for the device on the manufacturer's data 
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sheets. The second factor is the presence of the feedforward circuit 
used to increase the slew rate of the operational amplifier. This net- 
work was experimentally determined. Since the feedforward network con- 
nects the input of the operational amplifier with a point internal to 
the device, an equivalent circuit of the chip is desirable. Though re- 
quested "by the author, the manufacturer did not make available detailed 
and comprehensive information on phase plots and an equivalent circuit. 
Therefore, it was necessary to experimentally obtain information on the 
open-loop frequency response of the operational amplifier to supplement 
the scant data provided by the manufacturer. Otherwise, a relative sta- 
bility analysis is beyond reach. 

Since the loop transmission of the TCG is necessary_ and central to 
the development of the concept of relative stability of the circuit, it 
will be determined first. Later in the chapter, suitable criteria for 
measuring the relative stability of the circuit will be introduced. 
Finally, an analysis of the relative stability of the TCG will be made. 

A. Loop Transmission of the Torque Current Generator 

29 

The loop transmission, T, may be calculated as follows: A volt- 

age disturbance is assumed at the inverting input to the comparator op- 
erational amplifier (see Figure 3.l); the signal is traced around the 
loop; the ratio of the signal returned to the signal injected is the 
desired loop transmission. This technique readily gives the midband 
value of T. The frequency dependence of T must then be calculated. 

Before proceeding with the calculation of T, the open- loop fre- 
quency response of the AD501 jM operational amplifier must be determined. 
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The manufacturer's data sheet gives the open-loop magnitude response as 
a function of freq_uency for a maximum (C^ is the compensation capaci- 
tor, equivalent to C9 in Figure 3.l), of 390pF. As indicated in Figure 
3.1, the experimentally determined value of C9 is 3380pF. This value 
was reached hy doubling the loop transmission and determining the value 
of C9 necessary to stabilize the loop. The loop gain was then changed 
back to its normal value for operation of the circuit. Thus, no manu- 
facturer produced curves are available for the open-loop magnitude re- 
sponse for compensation of = 3380pF. Also, only scant phase versus 
frequency information was provided by the manufacturer upon special re- 
quest. It too only encompassed compensation up to = 390pF. 

The difficulty just described forced the author to turn to an 
experimental method of obtaining the open-loop frequency response of the 
operational amplifier. The typical open-loop gain of 8,000,000 all but 
precludes any open-loop method of measurement. Nevertheless, the circuit 
illustrated in Figure U.l (a) was tested. Nulling was difficult at any 
point, and became impossible as the signal frequency exceeded 5 kHz. Data 
was obtained at frequencies of 200 Hz, 5Q0 Hz, and 2 kHz for later com- 
parison with data obtained by other te.st set-ups. 

To circumvent the high gain and offset problems, the AD50^M op. 
amp. was tested in three closed-loop configurations. Two of these are 
illustrated in Figure 4.1, (b) and (c). The method of attack was as 
follows: obtain closed-loop gain and phase versus frequency data from 

the closed-loop configurations; plot this data on the curvilinear coordi- 
nates of a Nichols chart with frequency as a parameter; obtain and plot 
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FIGUKE 4.1 

TEST CONFIGURATIONS FOR OBTAINING THE OPEN-iOOP 
FREQUENCY RESPONSE OF THE AD504M OPERATIONAL AMPLIFIER 
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values of T from the linear coordinates of the Nichols chart for specific 
values of frequency; and graphically suhstract the feedback factor from 
the Bode plot of T (if the feedback factor is other than unity) to ob- 
tain the open-loop frequency response of the operational amplifier. 
Particxilar care must be taken to plot only T/(1+T) on the curvilinear 
coordinates of the Nichols chart. The Nichol's chart assumes a unity 
feedback system. 

Close agreement was found in the test results of the three con- 
figurations of Figure 4.1. Also, the magnitude curve is approximately 
what one wotild expect by extrapolating the manufacturer's data sheet 
■curve for = 390pF to one for = 3380pF. The experimentally deter- 
mined open-loop frequency response of the AD504M op. amp. for a compen- 
sation of = 3380pF is given in Figure 4.2. The voltage gain of the 
op. amp. is designated A^. Thus far the feedforward circuit has been 
ignored in the tests to determine the open-loop frequency response of the 
device. 

The lack of an equivalent circuit of the AD504 m op. amp. with 
typical parameter values precludes any direct calculation of the effect 
of the feedforward circuit on the op. amp. response. In reality, such a 
calculation would be a sizable task even if an equivalent circuit of the 
AD504M were available. The feedforward circuit was experimentally deter- 
mined and was used to partially alleviate the slew-rate problem ... a 
nonlinear phenomenon. When the TCG switches sampling resistor values, a 
differential signal on the order of 3.8 volts develops at the input of the 
operational amplifier. The feedforward network routes this signal to an 
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OPEN-ROOP FEEQUERCY RESPONSE- OF THE JSD504M 
OPERATIONAL AMPLIP-I-ER-WITH- C =• ■dF 
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internal point of the op. amp. past the input circuit. A signal of this 
magnitude causes transistor stages internal to the op. amp. to either 
cutoff or saturate dtiring the early part of the switching transient. 

The net effect of the feedforward network is a nonlinear one. Thus, the 
effect should not show up on a Bode plot of the open-loop frequency re- 
sponse of the op. amp. plus feedforward network. Further experimental 
work was performed to substantiate -this argument. 

The AD504 m op. amp. was tested in the configurations illustrated 
in Figure 4.3 over a frequency range from 100 Hz to 600 kHz. The resis- 
tors El and R2 were chosen such that El = E2 = lOK in order to give a 
voltage feedback factor of imity. The theory for identifying the voltage 
feedback factor for the inverting closed-loop configuration of the op. 
amp. is developed in Appendix C. Also, the procedure for obtaining open- 
loop information from closed-loop data for this configuration via the 
Nichols chart is outlined in Appendix C. 

Open-loop voltage gain and phase versus frequency plots of the 
AD504 m op. anp. were obtained (as outlined in Appendix C) for the con- 
figurations illustrated in Figure 4.3* The plot obtained with the feed- 
forward network present was identical to the one obtained with the feed- 
forward network absent. Further, each of these plots closely approxi- 
mated the open-loop frequency response previously obtained and given in 
Figure 4.2. 

In view of the close agreement of the results described thus far 
in this chapter, the plot in Figure 4.2 will be accepted as a reasonable 
representation of the open-loop frequency response of the AD504 m op. amp. 
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(a) Closed-loop configuration, inverting mode, without feed 
forward network. 
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(■b) Closed-loop configuration, inverting mode, with feedforward 
network. 


FIGURE 4.3 

CLOSED-LOOP CONFIGURATIONS OP THE AD504m OP. AMP. USED 
TO STUDY EFFECTS OF THE FEEDFORWARD NETWORK 
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Actual measurements vere made over a frequency range of 100 Hz to 600kHz. 
The typical open-loop voltage gain of 8,000,000 quoted in the manufac- 
turer’s data sheet was chosen as the low-frequency point to which the 
magnitude curve was to extend. Now that a suitable representation of 
the dynamic performance of the AD 50 iiM op. amp. is in hand, the calcula- 
tion of the loop transmission can proceed. 

The next step in the calculation of the loop transmission of the 

TCG is to obtain the frequency response of the circuit from the output 

of the op. amp. to the input of the op. amp. This can be conveniently 

30 

done by means of a canned computer program called PCAP. The resixLts 
for both the low- and high-torque cases are given in Figure U.i^. The 
voltage gain from the output of the op. amp. to the input of the op. amp. 
is designated A^. The ”LT" subscript in Figure refers to the low- 
torque case where the torquer current is 30mA. The "HT" subscript refers 
to the high torque case in which the torquer current is 60mA. 

The final step in obtaining the loop transmission of the TCG is 
to graphically combine the plots in Figure 4.2 and Figure 4.4« The 
resulting Bode plot of T is given in Figure 4.5. Note that in the region 
of interest, i.e., from D.C. to IMHz, the gain plots for the high- and 
low-torque cases track. They are merely separated by 2.1 dB. The phase 
plots for the low- and high-torque cases are so nearly equal as to be 
approximated by the, same curve. 

The Bode plot of the loop transmission of the TCG (given in Figure 
4 . 5 ) is of central importance in the analysis of the stability of the 
circuit against self-oscillation. Also, reference will be made to Figure 
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1|.5 when the actuating errors are investigated in a later chapter, 
numerous other topics to he discussed later in the thesis 'will warrant 
further use of this valuable plot. 

Relative stability of the TCG against self-oscillation will be 
meaningful only if suitable and widely-accepted criteria are chosen as 
figures of merit. Such criteria will be discussed briefly. Then the 
relative stability of the TCG will be expressed in terms of these figures 
of merit. 

B. Criteria for Evaluating, the Relative Stability of the Torque 
Current Generator 

Gain and phase margins are criteria which are widely used and 

acknowledged as means of defining the relative stability of a feedback 

system. These parameters may be obtained from a Bode plot of the loop 

transmission of the feedback system. 

The gain margin (GM) is defined as the value of |t| in decibels 

31 

at the frequency at which the phase angle of T is l8o degrees. (For 
a negative feedback amplifier circuit, the sign of T is negative at mid- 
band frequencies. This implies that the phase angle of T at midband 
frequencies is l80 degrees. The l80 degrees of phase angle mentioned in 
the definition of gain margin refers to additional phase shift at fre- 
quencies above midband) . 

The phase margin (PM) is l80 degrees minus the magnitude of the 

31 

angle. of T at the frequency for which |t| is unity (zero decibels). 

In terms of a Ryquist diagram, the phase margin is the amount of phase 
shift needed at \mity gain to make the Nyquist plot pass through -1 + jO 


point . 
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The phase margin can he used to obtain an estimate of the system 
32 

damping ratio 5 is a parameter used in the characterization of a 

second-order system. C is defined in most systems texts, such as Refer- 
ences 2h, 26, 2J , 28, and 32. The parameter is a measure of how rapidly 
the natural oscillations of a second-order system are "damped out" as the 
losses in the system increase. The possibility of arriving at the damp- 
ing ratio via the phase margin is based on a second-order system for 
which an exact relationship between phase margin and damping ratio exists. 
Thus, even though a system under investigation is not of second order, 
it may be approximated as a second-order system in many cases. Then the 
relationship between its phase margin and damping ratio may be assumed 
the same as that of a second-order system. 

Correlations between the frequency response and the time response 
can be made explicit only in the case of second-order systems. Only the 
general trends hold true for higher order systems. However, some rules 
of thumb for PM and GM are widely observed in control system design for 
any order system. The rules of thumb 

PM > 30° 

GM > 6 dB 

generally result in an acceptable transient response and an adequate 
"cushion" of stability margin for differences between model and actual 

, 28 

system. 

The phase margin is meaningful in some systems where the gain 
margin is not. Consequently, the phase margin is usually more descriptive 
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of relative stability than the gain margin. Both are needed for the best 
understanding of relative stability. 

There are many systems higher than second order for -which phase 
margin and gain margin have significance and are meaningful specifica- 
tions. However, one should be cognizant of the fact that it is possible 
for some complex systems that the GM and PM will not give a reasonable 
indication of system performance. 

C . Relative Stability of the Torque Current Generator 

The gain and phase margins of the TCG may be obtained from the 
Bode plot of T found in Figure 4.5* The loop transmission plotted in 
that figure is for torquing current levels of 30mA and 60mA. For current 
levels below 30mA and above 60mA, new loop transmission plots must be 
generated to investigate the relative stability of the TCG at those par- 
ticular levels. Other current levels will be investigated in a later 
chapter on the versatility of the TCG. 

The gain and phase margins of the TCG, taken from Figure 4.5, are 
tabulated in Table 4.1. 

The gain margins listed in Table 4-.1 are well above a 6 dB minim-um 
for good response. The phase margins do not exceed the 30 degrees men- 
tioned earlier as a desirable minim-um. However, herein lies the engi- 
neering trade-off. The choice is one of more relative stability and 
slower response (rise and fall times of the torquer current), or a faster 
response and less relative stability. The speed of response has a great 
deal to do with how quickly the torquing scales can be switched. This in 
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TABLE k\l 

GAm Airo PHASE MAEGIWS OP THE 
TOEQUE CUEEENT GENERATOE 




GAIN MARGIN 

PHASE MARGIN 


Low-Torque Case 
(30mA torquing current) 

l8dB 

27' 

High-Torque Case 
(60mA torquing current) 

21dB 

30' 


tiorn determines how many data pulses are lost in the transition from one 
torquing scale to another. With these and other factors considered, the 
compensation networks were chosen to give the margins tabulated in Table 

4.1. 

The results of this chapter will be used in later chapters which 
will continue to more fully characterize the TCG. Steady-state accuracy 
will be discussed in the next chapter, along with the closed-loop fre- 
quency response of the TCG. An expression for T as a function of fre- 
q^uency will be obtained during that discussion. 




CHAPTER V 


CLOSED LOOP FREQUENCY RESPONSE 
AND STEADY-STATE ACCURACY 

A. Closed-Loop Frequency Response of the- Torque. Current Generator 

The convolution integral may be used to establish a relationship 

between the system transfer function and the time domain response of a 
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system to an arbitrarily specified input. A relationship also exists 
between the transfer function of a system and the frequency response of 
the system. Consequently, if the frequency response of a system is 
known, the time domain response of the system to an arbitrarily specified 
input shotild be known also. However, a direct translation from the fre- 
quency domain to the time domain is mathematically cumbersome for higher 
order systems . As a result , the correlation between the closed-loop fre- 
quency response and the transient response of a system is often based on 
the second-order system. Many systems higher than second-order may be 
assumed to be dominated by a pair of complex poles in the vicinity of the 
imaginary axis. The system's behavior is then similar to a pure second- 
order system, and reasonable response parameters may be obtained from 
the approximation. 

The closed-loop frequency response of a imity feedback system is 
a plot of 


61 + 
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as u varies from 0 to In equation (5-1) » C/R(jw) is the control ratio 

or closed-loop transfer fxmction, and G(j(ij) is the direct or forward 

transfer function. Since unity feedback is assumed in Equation (5-l)s 

G(ju)) is also the loop transfer function, and is often referred to as the 

33 

open-loop transfer function, or loop transmission. 

For a nonunity feedback system, the closed-loop response is given 




G(,1a)) ^ 1 

1 + G(jai)H(jw) H(jm) 



(5.2) 


H(jaj) is the feedback transfer function. Calculation of the closed-loop 
frequency response from a Nyquist diagram is not straightforward. How- 
ever, the Nichols chart provides a convenient graphical method for ob- 
taining the closed-loop frequency response from the loop transmission. 

The procedure is outlined in controls type texts, and in many electronics 
texts or amplifier handbooks, such as Reference 3^. 

The loop transmission, T, for the TCG was obtained in Chapter IV. 
The direct transfer fimction used in obtaining T was an open-loop voltage 
gain, A^. Equation (5-2), may be written as 

_ Eq ^ ^ 1 ' \(jio)B(ja)) 

^fv " e 7 " B(jai) 1 + A^(jo))B(ja)) ’ 



(5.3) 
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In Equation (5-3) » B is the feedback factor, and 

T(j(ja) = A^( (5>^) 

is the loop transmission. is the closed-loop voltage transfer func- 

tion. One may note from Equation (5.^) that the frequency dependence of 
T is two-fold: it depends on A(j(ji), and on B(jijo). If B should be fre- 
quency independent, then T, and hence have their frequency response 

dependent upon that of A^(jm) alone. Before proceeding with the closed- 
loop frequency response of the TCG, two topics will be discussed. One is 
the frequency dependence of the feedback network, and the other is a sim- 
plified feedback configuration for the TCG. 

Frequency Dependence of the Feedback Network 

As a means of investigating the frequency dependence of what will 
be considered the feedback network, that portion of the TCG from the out- 
put of Q3 (see Figure 3.l) to the input of ICl was modeled on PCAP. The 
electrical isolation of the H-switch and sampling resistor switching net- 
work provided by the MOSFET's makes the modeling easier. The torquer 
coil was compensated as indicated in Figure 3.1, and the top of the H- 
switch was driven by a current source. The impedance looking into the 
top of the H-switch, Z , was calculated by the PCAP program over a fre- 
quency range. of IHz to IGHz. The resxilts are plotted in Figiu’e 5«1 for 

the low-torque case (l, = 30mA). 

torque 

The high-torque case had for all practical purposes the same phase 
shift characteristics as the low-torque case, and consequently was not 
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plotted. The magnitude of Z for the high torque case was approximately 
198 in contrast to 302 n for the low-torque case. This is due prima- 
rily to the difference in the values of the sampling resistors used for 
the two torquing levels. 

Examination of Figure 5*1 indicates that maintains a rather 

JD 

constant value out to approximately 10 MHz. Something like a resonant 
peak occurs at approximately l40 I4Hz, although the side skirts are not 
sharp. There is less than 2 degrees phase shift in below 10 MHz, and 
less than 7 degrees on to 1 GHz. 

A brief look at Figure h.3 shows that the region of interest for 
the operation of the TCG extends from D.C. to less than 1 MHz. Because 
of this and the discussion above, the impedance seen looking out from 
the emitter of Q3 in the TCG can be considered purely resistive over the., 
operating range of the TCG. Certainly the feedback network is located 
between the output and input of the current regulator section of the TCG. 
Hence, it is Included in the impedance Just discussed, and will be con- 
sidered frequency independent over the useful frequency range of the TCG, 

A Simplified Feedback Configuration for the TCG 

As mentioned earlier in this chapter, the direct transfer fxmction 
used in obtaining T in Chapter IV was an open-loop voltage transfer func- 
tion. Perhaps the more meaningful simplified feedback configuration to 
develop would be a voltage-sampled voltage-simaned feedback network. 
Dynamically, the TCG functions as a voltage to current converter, or a 
voltage-controlled ciurrent source. The load is floated, and is actually 
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contained in the 'feedback loop. In one sense, the TCG can he represented 

by Figure 5-2, which is taken from Reference 35 • 

In Figiire 5.2, both the source and the load are connected in the 

feedback loop. The current drain on the source is only the input bias 

1 

current of the amplifier. The amplifier here represents the combination 
of the op. amp. and the error argjlifier-level shift network. Feedback 
attempts to remove the signal swing from the amplifier input. As a re- 
sult , an input impedance of 


zr = A Z. 

1 1 


(5.5) 


is presented to the source by the amplifier. A is the open-loop gain of 
the amplifier, and is the input impedance of the amplifier (Z^ is the 
input . impedance of the op. amp. in the TCG). 

Feedback reduces the amplifier differential input voltage to al- 
most zero, causing the voltage on the sense resistor R to equal the 

F 

input signal e^. By this means feedback controls the load current. If 
the amplifier input current is negligible, the associated ciorrent 
essentially all flows in the load. Consequently, the output current is 
easily and accurately controlled by a single sense resistor R^ to be 


^o = F 


(5.6) 


Most of the signal error associated with the amplifier is removed by 
high-gain feedback. Small input voltage changes are produced by load 
voltage changes. The input voltage changes produce current changes, and 

35 

thus define the current source output impedance as 
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Zo=ARp . (5.T) 

Assxaning A very large, the lov-freguency closed-loop gain of the 
controlled current source shoim in Figure 5*2 is 



An alternate, hut egui valent configuration to that in Figure 5.2 
is to drive the noninverting input with a grounded signal. In the case 
at hand, the input to the noninverting input is a D.C. precision voltage 
reference. The feedback network, considered purely resistive, consists 
of the following: (l) the sampling resistor(s); (2) the circuit from 

the output of Q3 to the sampling resistor. This portion of the circuit 
was shown earlier to behave as a resistance over the frequency range of 
interest. The value of this resistance may be obtained by subtracting 
the value of the sampling resistor from the impedance Z,,. Z^ is the 
impedance seen from the emitter of Q3 (see Figure 3.l) looking into the 
top of the H-switch, and was discussed earlier in this chapter. The 
alternate configuration just discussed is illustrated in Figure 5.3. 

In the circuit illustrated in Figure 5.3, the amplifier block A^ 
represents the combined open-loop voltage gain of the op. amp. and the 
error amplifier. The frequency dependence of the circuit is relegated to 
that block. is used instead of Z^ because the feedback network is 
resistive over the operating range of the TCG. low that a suitable 
simplified representation of the TCG has been obtained in the form 
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Note : 


R 


R 


R. 


206.7 for the low-torque case. 

103.3 ^ for the high-torque case. 

95*3 for both low- and high-torque cases. 


riGURE 5.3 


A SIMPLIFIED FEEDBACK CONFIGURATION REPRESENTING 
THE TORQUE CURRENT GENERATOR 
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illustrated in Figure 5-3j the investigation of the closed-loop frequency 
response will he continued. 


An Algebraic Expression for .the Closed-IiOop> -Voltage’ Gain of the TCG- 

With reference' to Figure 5-3 the closed-loop voltage gain of the 
TCG, may be written as 


E 

■^■fv ~ e7 


A(,1a)) 

1 + A(jw)B ’ 


1 r 

B 1 + T(jw) 


(5-9) 


In Equation (5«9) 

B = ^ , (5.10) 

^p ^ ^f 

and 


T(jm) = A^(jw)B . (5.11) 

A Bode plot of T was given in Figure it. 5. A brief examination of 
the plot indicates that the plot for T may be closely approximated by a 
function with the proper midbsind value and having two poles . The two 
poles are virtually the same for both the low- and high-torque cases. 

The two poles occur at approximately O.OOU Hz and 60 kHz. T may be 
written in the foim 


T = T 


mid 


1 


1 

1 + j 


1 + i f/fg 
• < 


9 


(5.12) 



Ih 


■where T . , is the midhand value of T and f^ and f„ are the poles of T. 
mid i 

Further examination of Figure 4.5 indicates that the values of ^ for 
the low- and high-torque cases are 


and 


^L.T. 

mid 


dB 


= 159.4 dB , 


(5.13) 


H.T. 

mid 


157.3 dB 


dB 


(5.i4) 


These dB values translate into magnitude values of 


L.T. 

mid 


9.33 10' 


(5.15) 


and 


^H.T. 

mid 


- 7.33 X 10' 


(5.16) 


Equation (5.15) may be substituted into Equation (5.12) along with 
the pole frequencies to give a low-torque case expression for T as 


^L.T. ^ 


1 + J 


0.004Hz 


1 + 3 


60kHz 


(5.17) 


In a similar manner, the high-torque case expression for T is 


^H.T, " ('’^•33 X lo'^) 


1 + 3 


0.004Hz 


1 + 3 


60kHz 


(5.18) 
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Eq,uations (5.17) an! (5.18) may be compared witb Eq,uations (E.26) and 
(E.2T) in Appendix E to establish greater reliability. The negative 
sign in the expressions for T above account for negative feedback, some- 
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times referred to as inverse feedback. The values of T^^ appear quite 
large. As stated earlier, these values are derived assuming the typical 
D.C. voltage gain stated by the manufacturer of the AD50UM op. amp., i.e., 

g 

8 X 10 . The lower frequency pole was obtained by extrapolating the 
experimentally obtained frequency response data of the op. amp. back to 

g 

the typical D.C. gain of 8 x 10 . If this gain should be 1,000,000 in- 
stead of 8,000,000, then the lower pole would appear to be at 0.03Hz when 
the same technique is applied. The typical gain of 8,000,000 will be 
assumed in the calculations to follow. 

Equation (5.12) may be substituted into Equation (5 *9) "to give 


^ ^ fv(mid) 

[(jf)^/f/l + [(jf) 2 K/fJ + 1 


(5.19) 


In Equation ( 5 • 19 ) j 


T 


mid’ 


fv(mid) 


1 + T 


mid‘ 


(5.20) 


? is the damping ratio, and f^ is the imdamped natural frequency, f^ is 

29 

related to the two high-frequency poles and the midband loop gain by 


f 

n 





(5.21) 
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^ is related to the two high frequency poles and hy 


C = 


f + f 

21 I 2 

2f 

n 


( 5 . 22 ) 


Majiy texts on feedhack and control systems contain Bode plots of 
magnitude and phase versus with ^ as a parameter for the quadratic 

factor in Equation (5-19) • Consequently, the high-frequency response of 
a feedback system with two important corner frequencies can be determined 
as follows; (a) calculate or graphically obtain ^ , f^, and f^; (b) 
using these values, calculate f^ and C from Equations (5-2l) and (5.22); 
(c) use a standard Bode plot of the [l + j(2 5 ^ factor 

to plot that factor in Equation ( 5 ■19); and (d) shift the plot obtained 
in (c) by an amount 

Substitution of Equation (5-15) into Equation (5*20) gives 
for the low- torque case as 


A 


L.T. 


fv(mid) 


l.lt59 


(5.23) 


In a like manner, for the high-torque 


case IS 


H.T. 

fv(mid) 


1.920 


(5.2ij) 


f and E were calculated for 
n 


the low- and high-torque cases of the 


TGG. 


The values of these parameters were: 
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f (L.T. ) - 150 kHz 
n 

f (H.T.) = 133 kHz 
n 


(5.25) 


and 


5(L.T.) ^ o'. 200 

C(H.T.) - 0,226 


(5.26) 


Since a plot of versus frequency will be generated from T via 
a Nichols chart shortly, no attempt will be made to produce one by the 
method described above. However, to verify that the two-pole approxima- 
tion for T is reasonable, values obtained for M , f , and f, by the 

’ P P hi(f ) ^ 

two methods can be compared. If M is the normalized closed-loop gain, 
i. e. , 


A 

M = , (5,27) 

fv(mid) 

then M is the peak value of M. f is the resonant frequency, or the 

pi p 

frequency at which M reaches its peak. closedr-loop, high 

corner frequency, and occurs when the closed-loop gain is 3 dB below its 

midband value. This is also the closed-loop bandwidth, BW. 

The parameters in Equations (5.25) and ( 5 . 26 ) were used with a 

Bode plot of the quadratic factor in the expression for A^^ to estimate 

M „, f , and f, ./^v. These values are given in Table 5-1 which follows 
pf p hi(f) 

the development of a Bode plot of A^ from a Bode plot of T via a Nichols 


chart . 



TABLE 5.1 

CLOSED-LOOP -FEEQUEECI RESPONSE PARAMETERS FOR THE 
TORQUE CURRENT GENERATOR 


Parameters estimated from Parameters oLtained from 

two-pole function approximation Bode plot of T using a 

' for T and quadratic factor plot Nichols chart (Graphical) 



A^^(mid)|(dB) 


f (Hz) 
P 

BW(Hz) 

Mp^(dB) 

f (Hz) 
P 

BW(Hz) 

Low- torque 

3.28 dB 

T.6 ®dB 

125 kHz 

210 kHz 

7.0 dB 

130 kHz 

205 kHz 

case 








(I^ = 30 mA) 








High-torque 

5.66 dB 

6.8 dB 

ll4 kHz 

200 kHz 

6.1 dB 

108 kHz 

200 kHz 


case 

(l_^ = 60 mA) 


Co 
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Closed-Loop Frequency Response of the TCG From ,T Yia the Nichols Chart 

The Nichols chart can he used as a conversion chart whereby the 
values of |t[ and /T are converted into the corresponding values of 
|T/(1 + T)j and /T/(l + T) . An outline of the procedure for obtaining 
the graphical solution of the closed-loop frequency response of a feed- 
back system using a Nichols chart is given in many texts on control 
theory. References 27 and 28 are examples. 

Appendix D contains a Nichols chart. with plots of ]t| versus /T , 
with frequency as a parameter, for the low- and . high-torque cases. All 
the pertinent data involved in the operation is tabulated in Table D.l, 
Table D.l is also located in Appendix D. From the data in Table D.l, a 
Bode plot of ]t/( 1 + T)j and /T/(l + T) was constructed. This plot was 
shifted by l/B to give a plot of Figure contains Bode plots of 

|a^| for the low- and high-torque cases. 

^■^fv(mid) I 9 ^pf’ indicated in Figure 5*^ for both the 

low- and high-torque cases. These values, plus those estimated by using 
the two-pole function approximation for T discussed earlier in this chap- 
ter, are given in Table 5»1* 

A brief comparison of the closed-loop frequency parameters in 
Table 5-1 Indicates that the two-pole function approximation for T dis- 
cussed earlier is reasonable. The smaller peaking obtained with the 
graphical approach suggests the values of C in Equation (5.26) are some- 
what smaller than would be expected. However, the expressions for T in 
Equations (5.17) and (5.18), should be accm-ate enough to give reliable 
error coefficients in a later analysis. 
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One parameter given in Table 5.1 is the bandwidth-, BW-. As men- 
tioned eajrlier, the BW is most commonly defined to be the frequehey where 
the closed-loop frequency response- magnitude is- a factor -of O. 7 OT = l/~2 
or -3dB of its midband value. The bandwidth is related to speed of re- 
sponse and to the overall control system ability to reproduce an input 
signal. Also, the ability of the system to reject unwanted noise or 
spurious disturbances anywhere in the system is to some degree a function 
of bandwidth. 

The natural frequency f^ of the system dominant poles for most 
systems is closely related to the bandwidth. Consequently the bandwidth 
is a measure of the frequency of damped oscillation f^ of the closed-loop 
system. A short speed of response corresponds to a large bandwidth, and 
vice versa. Such statements do not account for nonlinear effects in the 
system. Saturating gain stages due to overdrive, and slew rate limita- 
tions produce effects in system behavior which are beyond an easy 
analysis. 

Often there is the possibility that the input signal to a control 
system may be contaminated with noise. Perhaps unwanted fluctuations 
occur inside the system loop. A desirable feature of the system would be 
that it ignore these disturbances and use only the useful signals. In 
many cases such disturbances are of a higher frequency content than the 
highest significant frequency in the signal spectrum. In such cases , the 
bandwidth is representative of the "cutoff frequency", above which dis- 


turbances are attenuated. 
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From Table 5-1 one can note that the bandwidth of the TCG is ap- 
proximately 200 kHz. While this may appear small compared to some sys- 
tems previously designed, the BW is adequate to handle the signal spec- 
trum for which the TCG was designed. Considering the parasitic oscilla- 
tions of a higher frequency often found in power supply and logic lines, 
a larger BW seems undesirable at this time. 

Reference will be made later in the thesis to much of the material 
in this section on closed-loop frequency response. Chapters on topics 
such as time domain characteristics of the TCG and noise considerations 
will certainly refer to some of the equations and parameters. More im- 
mediately, some of the equations will be used in the next section to 
analyze the steady state accuracy of the TCG. 

B. Steady— State Accuracy of the Torque Current Generator 

One of the most important . characteristics of a system is its ac- 
curacy. A more accurate system will better process information and 
reject undesirable external disturbances. Error coefficients aud error 

constants are classically used to provide a measure of the accuracy of a 

28 

given control system. The system's ability to minimize error is better 

described by error coefficients than by error constants. 

The TCG loop, as illustrated in the simplified circuit of Figure 

5*3, presents itself as a type of problem referred to as a regulator 

problem. The term regulator is used to refer to systems in which there 

27 

is a constant steady-state value for a constant input signal. When not 


switching torquing levels, the TCG does fit that description. In view of 
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this situation, a logical way to estimate steady-state accuracy for the 


TCG appears to he the control systems approach. 

The TCG loop may he represented hy the block diagram illustrated 
in Figure 5* 5* Since B is frequency independent over the region of 
interest, may he obtained from Equations (5.1l) and (5.12) by 

dividing the expression for T hy B. magnitude of the midhand 

open— loop voltage gain of the TCG loop. Also, the following relation- 
ships are employed: 


s = JO), 

(ii = 2-irf, (5.28) 

0) = 1/t, 

T, in the context used here, is a high-frequency time constant of the 
TCG loop. X^(s) is the output voltage at the output of the current regu- 
lator. R(s) is the reference input voltage, is the voltage feed- 

back signal, and E(s) is the actuating error. Parameter values of 
interest are given in a note in Figure 5«5 for the block diagram of the 
simplified TCG loop. 

The definitions of error coefficients and error constants contained 
in most texts are for unity feedback systems . The concept may be extended 
to nonunity feedback systems, such as the TCG loop. Reference 28 gives a 
development of error coefficients for a unity feedback system. Only the 
results of a parallel development for a nonunity feedback system will be 


given here. 
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Note : 


K. 


K. 


R 


R 


R. 


1,36 X 10 for the low-torgue case, 

g 

l.Ul X 10 for the high-torque case. 

206.7 for the low-torque case. 

103.3 for the high-torque case. 

95-3 Q for the low- and high-torque cases. 
39 • 8 sec . j 

> for low- and high-torque cases. 
3.18 ysec\ 


FIGURE 5.5 


BLOCK DIAGRAM OF THE SIMPLIFIED 
TORQUE CURRENT GENERATOR 
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The error transfer function for the feedback system illustrated 


in Figxire 5*5 is 


E(s)/K(s) = 


1 + A°^(s)B 


TfT^s + (t^ + T2)e + 1 

TiTgS^ + (t^ + T2)s + (K^B + 1) 


By definition let 


W(s) = E(s)/R(s) 5 


so that 


E(s) = W(s)r(s) . 


The system-error impulse response 'w(t) may be defined as 


Kt) = JL [W(s)] . 


One can show that 


C.r^^^(t) 

/ V 1 

e (t) =.S^ 

ss 1=0 il 


In Equation (5-33) 


C. = (-1)^ T^w(T)dx, i = 0,1,2 
^ ■'o 

dt^ 


r'°^(t) = r(t) = reference input 
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Ec^uation (5-33) is commonly referred to as the steady-state error series, 
or the actuating error londer steady-state conditions . The constants 
are known as the error coefficients of the system. The error coefficients 
dictate the steady-state error of the system for a large class of refer- 
ence input functions . Eeference 28 shows that 


C. 

1 


lim 

s->0 


d^W( s ) 
ds^ 


(5.35) 


Substitution of Equation (5.29) into Equation (5*30) gives 

T^T-S + (t., + T_)s + 1 

W(s) = . (5.36) 

TiTgS + (t^ + T2)s + (K^B + l) 

Equations (5.35) and (5-36) can now be used to determine the error coef- 
ficients of the TCG loop. Using these coefficients as figures of merit, 
the steady-state performance of the loop may be evaluated. 

From Equations (5*35) and (5.36), 


C 

o 


= W(s) 


s 


= 0 


1 

1 + K^B 


1 + 



(5. 37) 


If the input function is a unit step, then all the terms in Equation 
( 5 . 35 ) but will disappear. In that case, the system error in the 
steady-state is 


e (t) = C r(t) . 
ss o 


(5.38) 
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The reference input for the TCG loop may he considered as a constant 
times a unit step. Equation (5 >38) applies, and for n greater than 
zero need not he derived. Substitution of Equation (5-3T) into Equation 
(5.38) gives 


ss 


1 + T 

1 


mid' 


Ir(t)] 


(5.39) 


Values of | ^ | for the low- and high-torque cases are given in Equations 

(5.15) and (5.16). r{t) is equal to the P.V.R., or 6.2 volts. Substitu- 
tion of these values into Equation ( 5 . 39 ) 3d. elds the steady-state actu- 
ating error of the TCG loop for the low- and high-torque cases. These 
values are 


Q 

e (t) [L.T.] - S.6h X 10 volts , 
ss 

(5.i^0) 

e (t) [H.T.] - 8 .I 16 X 10 "® volts . 
ss 

The system error coefficients are a generalization of the error 
constants and can he used for a large variety of input functions. The 
error constants provide a steady-state error measure for systems excited 
by step, ramp, and parabolic inputs. There exists a correlation between 
the first three error coefficients and the error constants. Since the 
mechanics of the error coefficients have already been obtained, a deriva- 
tion of the error constants would be redundant on the one hand and less 
enlightening on the other. Uo effort will be made to ascertain these 


uarameters . 
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A few general conments can be made regarding Eg.uation (5- 39)- For 
a given input, r(t), e (t) is inversely proportional to the magnitude of 

5 S 

^mid’ magnitude of ^ must be made larger if a greater final ac- 

curacy is desired. This indicates that, for high accuracy, the open— loop 
A OL 

gam A^ should be large. In that case, even the smallest detectable 
error signal may be amplified and produce a correction to the input. On 
the other hand, if | ^ | is made too large, oscillations with sustained 
or increasing amplitude may develop and cause instability. In the sense 
that increasing stability decreases accuracy, and vice versa, the features 
of accuracy and stability are opposites. 

A note of caution concerning the correct use of the error coef- 
ficients discussed above is in order. There is a constraint which must 
be placed upon the physical system in order for the error series to be 
valid. This constraint is that the system-error impulse response must 
decay much faster than any exponential factors associated with the input 
function. 

Only of the error coefficients was determined in this study 
since the input r(t) was assumed to be a constant times the unit step. 
However, if the constraint mentioned above is obeyed, any input waveform 
which can be written as a function r(t) can be used. Additional error 
coefficients can be generated using Eq^uation (5>35). The number of error 
coefficients that need to be generated is determined by the characteriza- 
tion of the input fimction, and by the rapidity with which the error 
series converges. W(s) is usually relatively simple to determine for a 
given system. The error coefficients can then be generated quite rapidly 
by differentiating W(s) and substituting a zero everywhere an s is seen. 
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The above discussion on steady-state accuracy has dealt with the 
subject only from the control systems approach. The error of concern 
here was the steady-state actuating error, and error coefficients were 
chosen as figures of merit to indicate steady-state accuracy. Such errors 
as drift error in the P.V.R., error in the sensed current due to offset 
currents, and errors due to rise- and fall-time differences will he dis- 
cussed in a later chapter. The steady-state actuating errors obtained 
above will be tabulated, along with other errors of the TCG, in a summary 
section of the conclusions chapter. Attention is now tiorned to another 
facet of the stability of the TCG against temperature variations, aging, 
and semiconductor device replacement. 



CHAPTER VI 


STABILITY OF THE TCG AGAINST VARIATIONS DUE TO 
TEMPERATUKE, AGING AND SEMICONDUCTOR 
DEVICE REPLACEMENT 

The discussion on the stability of the TCG loop of the U.T. pulse 
rebalance electronics system continues from Chapter V. The emphasis in 
this chapter is on stability of the TCG loop against variations due to 
temperature, component aging, and semiconductor device replacement. 

The method of attack on the thermal stability of the TCG loop -will 
be to determine the magnitude of the loop gain at midband as a function 
of parameters vhich are in turn functions of temperature. Then the 
change in [ T ^ . ^ j with temperature can be evaluated by the chain riale. 

The variation of the pole locations with temperature will be examined. 
Transistors which are in critical positions in the loop will be inves- 
tigated for thermal runaway. The pulse rebalance electronics will be 
housed in a temperature regulated environment of approximately 50°C. 

The temperature band used in this analysis will be 1^5*’C to 55°C. The 
results foimd for parameter variations due to temperature changes will 
also apply to parameter variations due to component aging and replace- 
ment . Thus a separate analysis for current gain variations with tran- 
sistor replacement, etc., will not be necessary. 

A. The Effect of Temperature Variations Upon 'iTTnifll of the TCG 

The problem of loop gain variation with temperature in the TCG 
loop is much simplified if the H-switch and sampling resistor switching 
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network are considered invariant with temperature. There is strong argu- 
ment for neglecting the temperature effects in these circuits. This 
argvunent was presented in Reference U by the author, and will not be 
repeated here in order to conserve space. Rather, the assumption will be 
made that the effects upon | ^ | caused by temperature-related variations 

in the parameters of the H-switch and sampling resistor switching network 
are negligible. 

The sampling resistors used in a pulse rebalance electronics sys- 
tem should be high-quality precision resistors with close tolerances. 

Since ample burn-in is usually associated with such resistors, they will 
be assumed temperatixre stable. 

In view of the above discussion, the feedback factor, B, (as iden- 
tified in Equation (5.10), can be assumed invariant in the temperature 
band of 50°C ^ 5'^C. Therefore, the thermal stability of the op. amp., 
the error amplifier, and the Darlington pair output of the current reg- 
ulator is the problem at hand. 

From Figure 3.1j and the material in Appendix E, the loop trans- 
mission of the TCG- may be written 

In Equation (6.1), A^^ is the open-loop voltage gain of the op. amp.; A^ 
is the voltage division teim from the output of the op. amp. to the in- 
put of QIA; A^^ is the voltage gain from the base of QIA to the collector 
of QIB; Ag is the voltage gain from the collector of QIB to the emitter 
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of Q3; and, B is th.e feedback factor. T is used for loop transmission 

ij 

in this chapter to distingriish it from the symbol for temperature, T. 

The change in the loop transmission with respect to a change in 
temperature is given by 



3T^ 

J-l 

dA , 9T^ 

vl L 

dA, 9T,. 

1 ir 

^di 

dT 

3A , 
vl 

dT ■ 9A^ 

dT aA__ 
dl 

dT 


3A„ dT 3B dT 


(6.2) 


Each of the terms in Equation (6.2) will need to be evaluated or 

estimated to obtain the total change in with a change in T.. 

^vl 

From the manufacturer's data, ■ can be estimated for the AD50liM 
op. amp. over the temperature band of interest to be 


dA 


VI 


dT 


AA 


vl 


AT 


3000 

°C 


(6.3) 


This applies to both torquing levels of the TOG. 

From Figure 3.1, the expression for A^^ may be written 


(6^;3)(E6) 


t"elA " "elB * (B^fvTT 


] 


(6.ii) 


One may note that A^ - f^ (r^^, 3^^), r^^ = (l^^, T), r^^^ - 

^3 ^Vb’ "^E == ^""bE’ ^CO’ ""be' ^CO’ ^ 
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temperature dependent terms. The rate of change of with ten^erature 
is 


dA 


dl 


dT 


9A dr ^ . 
dl elA 

dT 


3r 


elA 


9r._ dT 93-,^ dT 


( 6 . 5 ) 


'elB 


IB 


This assmes that the fixed resistors have zero temperature coefficients, 
or have temperature coefficients which are negligible compared to other 
parameter changes. 

The variation of r^ with T can be expressed as 


dr 9r 9r dl„ 
e _ e ^ e E 

dT 9T 91^ dT 


( 6 . 6 ) 


But, 


K T 

r = — 


( 6 . 7 ) 


where K is Boltzmann's constant (I. 38 I x 10 J/°K) , T is the temperature 

in degrees Kelvin, q is the electronic charge (I. 6 OI x 10 Coulomb), 

and is the emitter ciorrent. Substituting Equation ( 6 . 7 ) into Equation 
£ 

(6.6) gives 


dr 
■ e 

dT 



T *^^E 
2 dT 
■^E 


( 6 . 8 ) 


QIA and QIB form a differential amplifier stage. R7 and R8 are 
large enough to aid considerably in bias stability since they are 





unbypassed emi-tter resistors. The stability factors defined and dis- 
cussed in Reference 31 may be used to estimate — ^ . From this, and the 
discussion on multistage biasing in Reference 36, one can form a strong 


dl 


case for assuming 


El 


dT 


= 0 and neglecting changes with ^5°C variation 


dl. 


E 


around 50°C. Assuming — ^ ~ 0 in the temperature band of interest. 


Equation (6.8) becomes 


dr 
e 

dT 



( 6 . 9 ) 


The dependence of g on temperature variations is difficult to 
accurately describe. As a best estimate, the value of R at room temper- 
ature will be expected to increase or decrease 1^/°C (on a simple 
interest-type rate) with increasing or decreasing temperature respec- 
tively. 

From Equation ( 6 . ) , 


9A 


dl 


-SiBue 


3r 


elA 




H9 


( 6 . 10 ) 


IB 


+ !)■ 


3A 

3r 


dl 


-3ibR6 


. r^^^ + Rr E8 . ^ 


E9 


IB 


+ !)• 


elB (B^^ + l)[r^^ 


( 6 . 11 ) 
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9A 


dl 


6^g(E6)(R9) 


R9 


♦ ET -f R8 + (g ) 

J-Jd 


]‘ 


r6 


<6iB * * ^IB * W E8 + IJ^TT) 


] 


( 6 . 12 ) 


Eg.uations (6.9) through (6.12) may he substituted into Equation (6.5) to 


dA 


dl 


evaluate the rate of change of A^ with temperature. Obviously, 

depends upon bias levels which depend upon torquing modes. The remainder 

dTh 

of the general expressions needed to evaluate — ^ will be obtained before 
considering the specific cases of low- and high-torquing levels. 

From Appendix E, 


R 




ilA. 


+ Rh 


ilA 

(3^^ + l)[r 


R9 


elA " "elB " + R8 + 3^3 + 1^ 


" l^t'elA ^ "elB + R8 f - 


R9 


IB 


+ 1 


] + rU 


(6,13) 


dA, 3A, dR.,. 

1 ^ ilA 

dT " 3R., . dT 
ilA 


(6.1H) 


RllA is a function of four temperature dependent terms: ^elB’ 


3^, and Consequently, 
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dT 


3R . _ . dr _ . 9R . . dr . _ 
_ _ ilA, elA ilA. elB 


8r 


eiA 


dT 


3r 


elB 


dT 


®^ilA ^^ilA “^^IB 

T* ' ^ . . . — -f- 


96 


lA 


dT 


96 


IB 


dT 


(6.T5) 


The partial derivatives of respect to its temperature dependent 

terms may he written with the aid of Equation (6.13). 




( 6 . l6 ) 


elB 


(6. IT) 


JilD 

* =^elB * B7 . E8 . 


lA 


IB 


(6.18) 


'®ilA 


96 


IB (B^g + 1)‘ 


(6.19) 


From Equation (6.13) 


9A, 


Rl| 


9R. 


ilA (R^^ + r4)‘ 


(6.20) 


Kow all the necessary equations are available to evaluate Equation (6.l4), 


^1 

which is the — ;;;r term. 

dT 



9T 


dAg 

Next, consider the — ^ term. The simplified expression for A^j 


taken from Appendix S, is 


A. = 


(e t DKj 


2 V 


( 6 . 21 ) 


The derivative of A^ with respect to temperature may he written 



9A dg 


^^2 ^^e2B 

dT 


3r 


e2B 


3r _ dT ■ 

e3 


( 6 . 22 ) 


dr 

The expression for — ^ has already heen derived and given as Equation 

(6.8). When the differential stage gain A was considered, the depend- 

dr dl^ ^ 

6 E 

ence of the — ^ term upon — ^ was neglected as being small compared to 
other parameter changes. However, in the case of A^, which is associated 
with a Darlington pair, the effect should be taken into account. 
Temperatirre stabilization of a Darlington stage is often extremely dif- 
ficult. The temperature-dependent reverse collector current of the 
first transistor in the pair (Q2B in the ease at hand) flows at the base 
of the composite unit just as it would for a single transistor unit. 

Since the composite g is very large, only a veiy small base current is 
needed to control the complete collector-current flow. But is of the 
same order of magnitude. Herein lies the temperature stabilization prob- 
lem. The overall feedback of the TCG alleviates this problem with the 
Darlington stage to a large extent. The current throvigh Q3 is maintained 
at the specified torqviing level by feedback action. However, for a worst 
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case analysis, feedback will be ignored and the effect of — ^ upon 
will be investigated. 

Eeference 37 makes for informative reading on current-gain tem- 
perature dependence in silicon tr^sistors, but isn’t very useful for the 
problem at hand. Eeference 38 has some useful equations involving the 
change in with temperature. Because of the more suitable arrangement 
of the equations for the present application, the following material is 
taken from Eeference 31. 






S 5 


3 (3 + l)(l + ^) 

C e 


e 




E 


S’ = 


3V, 


e 


S" = 


90 “ 0(0 + 1 ) ‘ 


(6.23) 

(6.24) 

(6.25) 


(6.26) 


In Equations (6.24) and (6.25), E^ is the effective resistance seen look- 
ing back from the base terminal. E^ is any fixed resistance contained in 

the emitter circuit. Since I_ - I_, Equation (6.23) approximately holds 

dl AI^ ^ 

for AI^ also. Since , Equations (6.23) through (6.26) cap be 

^^E 

used to approximate the term in Equation (6.8). 



Returning to Equation (6.22), the partial derivatives of with 
respect to ^g2B’ ^e3 written. 


8^2 -(33 + l)Eg 

~ ? * 
e2B UeSB-" 


3A2 -(83 1) Eb 


^2B«B 

[r^ 2 E ♦ <63 " ^>'"a 3 " 


Before going to the specific low- and high-torque case. Equation 
( 6 . 1 ), will be used to obtain partial derivatives of T . 


— =— = A A A B 
9A ^ 1 dl 2 ■ 

vl 


— =• = A A A B 
8A^ vl dl 2 ■ 


= A^^A^A^B . 


( 6 . 32 ) 
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A ^A-A.-B 
vl 1 ai 


(6.33) 



( 6 . 34 ) 


since B is being considered invariant witb temperatiire. 

The results obtained in this chapter thus far are of a general 
nature and apply to both the low- and high-torq.uing modes of the TC.G. 

The equations necessary to evaluate Equation (6.2) are now available. 

To conserve space, the equations derived earlier in the chapter will not 
be combined any further in a formal way. The necessary substitutions, 
etc., will be made for the low- and high-torque eases and only the re- 
sults will be given. Table 6.1 lists some parameter values useful in 

dTj^ 

calculating — ^ . 

Loop Transmission Variation with Temperature- for the Low-Torque Mode 
The low-torque or normal level of the torquing current is 30mA, 
The device parameters needed to evaluate the equations developed earlier 
for the low-torque case are given in Table 6.1, or in Figure 3.1. 

Equation (6.2), when properly evaluated for the low-torque case, 

yields 



(L.T.) - -358092/°C 


( 6 . 35 ) 


for an increasing temperature. Inversely, the loop gain increases with 
decreasing temperature. 



TABLE 6.1 


PARAMETER -•VALUES- USED- IF ' TEMPERATURE- CALCULATIOFS 


Hiffb..^^Tor-q.ue Case Lov-Torque Case 



QIA 

QIB 

Q 2 B 

Q 3 

QIA 

QIB 

Q 2 B 

Q 3 

Ig(mA) 

1.7 

3.3 

0 . 1+30 

60 

1.3 

3.7 

0.231 

30 


35.9 

15.1 

20.9 

21.6 

36.0 

12.7 

23 . 1 + 

24.1 


no 

135 

50 

ll+o 

100 

ll+O 

4o 

130 


15.3 

7.88 

60.5 

0 . 1+33 

20 

7.03 

113 

0.867 

Pjj rating (Watts ) 

0.5 0.5 0.5 

( 0 .- 6 - Total package) 

IW 

low, if 

0.5 

heat sinked 

0.5 

0.5 

IW 

Pjj(Actual ) (Watts ) 

.06-1 

.050 

.009 

1.30 

. 01+68 

, 0 l +7 

,0054 

.723 


Fote : 

Q1 = 

Q2 = 2H579i+ 

Q 3 = MPS-UO6 


TOT 
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In order to obtain an expression of the percentage change in 
with temperature, note that 


AT, 


dT^ 

J-l 

dT 


AT . 


(6.36) 


Then, the percentage change in T^. , AT C%), can be expressed as 

L Jj 


AT — “ “ AT 

ATl(^) = ^ . 100^ = 


X 100^ . 


(6.37) 


Substitution of Equation (6.35) s along with jT^[ = 93.3 x 10 and AT = 
+5°C, into Equation (6.37) yields 


AT^(^) 


L.T. 


AT = +5°C 


-1.919^ . 


( 6 . 38 ) 


dT. 


L . 


The relative values obtained when calculating — ^ indicate that 
the predominant factor influencing the change in T with temperature is 
the temperature coefficient of the AD504M op. amp. In fact, when AT (^) 


is calculated using only the 


9T^ dA , 
L vl 


3A , dT 
vl 


B term, the result is 


ATl(^) 


L.T. 

AT = +5°C 


-1.919^ 


(6.39) 


Since Equations (6.38) and (6.39) give the same results to three decimal 

places, calculations for the high-torque case can be simplified to account 

only for the term associated with A . . 

vl 
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In actuality, the loop transmission obtained in Chapter IV was for 
an ambient temperature of 25®C. The parameter values in Table 6.1 are 
likewise for T = 25°C. Calculations were performed to approximate the 
loop gain change as T increased from 25°C to 55°C. The results of that 
calculation indicate that the loop gain decreases approximately 11.5^. 

If the poles of T are little affected by the AT, then the decrease in 

Jj 

gain certainly won't adversely affect the stability of the loop. Pole 
shift with temperature will be investigated after obtaining AT (^) for 

Li 

the high-torque case. 


Loop Transmission Variation with Temperature' for the High-Torque Mode 


The high-torque level of the torquing current is 60mA. All terms 


in Equation (6.2), except the 


3T_ A , 
L vl 


3A , dT 
vl 


B term will be neglected. Sub- 


stitution of proper values into Equation (6.2) and associated equations 
gives 


dT^ 

Jj 

dT 


(H.T.) = -275292/°C . 


ie.ko) 


ATj^(j^) 


H.T. 

AT = +5°C 


-1.875^ 


(6. In) 


The dependence of the pole locations of T^ is necessary before 
conclusive statements can be made about dynamic thermal stability. This 
subject will be investigated next. 
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Effect of Temperature Variations Upon- the Location of Poles of the 
Loop Transmission 

The gain factors of the loop transmission of the TCG change as 
ten5)erature varies. This topic has been discussed above. The pole loca- 
tions of Tj^ also vary with temperature. A reasonable approximation of 
the percentage change in the time constants of the loop can be theoret- 
ically derived with the exception of the op. amp. The gain change in T 

Jj 

with temperature variations is dominated by the op. amp. Perhaps this is 
so with the shift in pole locations, but insufficient information is 
presently available for making such a calculation. According to the 
manufacturer, every AD50i|M is stored for hours at +200®C and tempera- 
ture cycled 10 times from -65°C to +200°C to assure reliability and long- 
term stability. The concept of thermal symmetry has been used in the 
design of the AD504M to minimize the effects of thermal gradients devel- 
oped within the chip. The design is such that the input IJPN transistors 
account for the major portion of the amplifier's temperature drift. In 
view of this, and for lack of anything more informative, the poles of 
the op. amp. will be assumed to be stable with a 5'^C variation around 
the temperature environment. 

As explained in Appendix E, the remaining pertinent poles and zeros 
of the TCG loop (other than those associated with the op. amp.) are con- 
tained in the interaction of the output of QIB, the input of Q2B, and the 
EC lag network. The equations for the two poles and zero are given as 
Equations (E.lU), (E.15), and (E.16) in Appendix E. The expressions for 
the two poles contain some parameters which are temperatiire dependent. 
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This in turn maJs.es the pole values temperature dependent. An analysis 
similar to that for obtaining — ^ -was made for each of the two poles for 
^ i5°C variation around the operating temperature of the TCG. Again, to 
conserve space, only the results will be given here. 


Consider first the expression for From Equation (E.lU) 


Appendix E, 


pi 2 tt (C_ + C ) 

^ LeqlB ^ LeqlB c 


6h JtHz 


( 6 . 1 ^ 2 ) 


The results of calculations on the temperature dependence of f^^ are: 


Af 

pi 


AT = -5°C 


= -0.00733^ ; 


(6.1i3) 


and 


Af ,(^) 

pi 


- +O.OOW . 


( 6 . 1 ^ 4 ) 


AT = +5°C 


Next, consider the expression for f^^* From Equation (E. 15 ) 


Appendix E, 



1 



n 


2irR 

c 

LeqlB c I 


+ c 


LeqlB 

cj 


= 2.86 MHz 


(6M) 
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Calculations on the temperature dependence of yield the following: 




= -0.263^ ; 


i6.k6) 


AT = -5°C 


and 






( 6 . 47 ) 


AT = +5°C 


The zero defined hy Equation (S.I 6 ), Appendix E, is assumed to be 
temperat\xre invariant. This zero is a function only of a fixed resistance 
and a fixed capacitance whose values are assumed constant within the 
narrow band of AT = i,5°C. 

The percentage changes in f^^ and f^^ gi'ven above are those cal- 
culated using the parameter values associated with the low-torquing mode. 
These percentages are higher than those obtained for the high-torguing 
mode and will be considered a worst-ease condition. 

The changes in the pole locations of T which were investigated 
immediately above would scarcely show up on a Bode plot of T^^. The mag- 
nitude change in T with AT has already been found to be decreasing with 
increasing temperature. Since the TCG loop has been proven stable at 
25 °C (well below the temperature environment of the system) , the higher 
operating temperature results in a lower 5 l>dt with very little shift 
in the poles and zeros of T^ . Consequently, one may conclude that the 
changes in the magnitude, poles, and zeros of T^, with a AT of j^5°C about 
50°C, pose no threat to the stability against oscillations of the TCG 


loop. 
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Thermal Runaway. Possibilities- in the- TOG Loop- 

A "brief study of Figure 3.1, along with "bias levels and device 
limitations, indicates that only one active device in the TOO loop is in 
any danger of thermal rrma-way. This device is Q3, which is a MPS-U 06 
"bipolar transistor. The transistor, as indicated in Table 6.1, has a 
(max) of 1"W^ at an ambient temperature of 25°C, or lOW if properly 
heat-sinked. P^^ (max) must be derated above 25°C by 8 mW/°C if the device 
is not heat-sinked, and 80m¥/°C if it is heat-sinked. The circuit is to 
operate in a temperatiare environment of approximately 50°C. The result 
of derating gives a P^ (max) of 0 . 8 W if not heat-sinked, and a P^^ (max) 
of 8 . 0 W if heat-sinked. 

Table 6.1 has the actual power dissipation of Q3 listed for the 
low- and high-torque modes. P^^ (actual) for the low-torque mode ap- 
proaches Pjj (max) for the MPS-"U06 at 50®C and without a heat sink. 

Pj^ (actual) for the high-torque mode exceeds Pj^ (max) fo r th e device at 
50°C and without a heat sink. Consequently, Q3 must be heat-sinked to 
adequately handle the power dissipation required in the device for high- 
torquing levels. Once properly heat-sinked, Q3 can deliver a wide range 
of torquing current without danger of overheating. For example, if 200mA 
were used to drive the Kearfott Model 25^^ gy^o, only 2.3W would be dis- 
sipated in Q 3 . 

The results obtained in this chapter are indicative of the effects 
to be expected due to active parameter changes . These changes may be 
prompted by temperature variations, aging, or device replacement. No 
attempt has been made to evaluate changes in the loop transmission due to 
changes in passive devices with temperature. 



CHAPTER VII 


TIME DOMAIN CHARACTERISTICS OF THE 


TORQUE CURRENT GENERATOR LOOP 


Frequency domain characteristics of the TCG loop were treated in 
Chapters IV and V. There exists a correlation between sinusoidal and 
time responses. The purpose of this chapter is to use that correlation 
to determine some of the time domain characteristics of the TCG loop. 
Closed-loop frequency domain specifications of bandwidth, frequency of 
peahing, and resonant peak for the loop are given in Table 5*I* 

The bandwidth BW is related to speed of response, to the ability 
of the TCG to reproduce an input signal, and to the ability of the loop 
to reject unwanted noise or spurious disturbances anywhere in the loop. 

A short discussion on the implications of BW was given in Chapter V and 
will not be repeated here. 

The resonant peak, is related to step response overshoot. in 

the time domain. Generally, a greater peaking Indicates a larger over- 
shoot, a smaller risetime, and a longer settling time. The inverse ap- 
plies for a situation with lesser peaking. However, for damping ratios 
of C < O.U, is not a good indication of overshoot. The damping ratio 
for the TCG loop, as indicated in Equation ( 5 . 26 ), is certainly less than 
0.4 for both the low- and high-torque cases. Because of this, as well as 
ease of manipulation, another approach using open-loop frequency char- 
acteristics will be used to obtain closed-loop time domain characteristics 


of the TCG loop. 
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Reference 29 outlines 'the procedure to he used here to find the 
following for a second-order system: 




t 

p 

T 

s 


t 

r 



= the damping ratio; 

= the time to the peak value of the first overshoot; 
= the settling time, which is defined as the time 
required for the signal in question to reach 
and remain within 2.% of its final value; 

= risetime (lO^ to 90 ^); 

= percentage overshoot. 


The parameters listed above are in response to a step input signal. Only 
the magnitude crossover frequency, f^, and the phase margin, P.M. , of the 
loop transmission frequency response are required to 'be able to apply the 
procedvire. Thereafter, the parameters mentioned above can be fotmd from 
plots of P.M. versus ?, versus g, etc. Bode plots of the loop trans- 

mission of the TCG versus frequency for the high- and low-torque modes 
are found in Figure ij.5* and P.M. can be read directly from these 
plots . 

The loop transmission of the TCG is not a second-order system. 

This is obvious by studying Equations (E.23) and (E.24) in Appendix E. 
However, as argued in Appendix E, T may be approximated within a reason- 
able error by a second-order function. Hence, the procedure outlined in 
Reference 29 should give reasonable values of 5, t^, etc. 

Before proceeding with finding the closed-loop time domain char- 
acteristics of the TCG loop, perhaps a few words concerning the signal 
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of interest are in order. In Chapter IV, an open-loop voltage gain of 
the loop vas used in conj\anction with the feedback factor to obtain the 
loop gain T. Chapter V contains further discussion which indicates that 
the closed-loop signal to be characterized here is the voltage at the 
emitter of Q3, i.e., at the top of the H-switch. 

A. The Low-Torque Case 
Using Figure 4.5j 

f (L.T. ) 130 kHz , (7.1) 

c 

and 

P.M. (L.T.) - 27° (7*2) 

for the low-torque case. From the P.M. versus ^ plot in Reference 29, 
the value of C corresponding to a P.M. of 27° can be estimated as 

? (L.T.) ^ '0.24 . (7.3) 

Using this value of ? and plots of time domain characteristics versus 5 
in Reference 29, the following values were obtained for the low-torque 
ease : 


M ^(L.T. ) = 45^ ; 
pt 

t (L.T.) == 3.6 us ; 
P 

t^(L.T. ) = 1.4ijs ; 
Tg(L.T.) 19ys . 


(7.4) 



Ill 


B. The Hiah-Torque Case 

and P.M. may again he read from Figure it. 5 foi’ the high-torque 
case and are 


f^(H.T.) = 105 kHz , 


(T-5) 


and 


P.M. (H.T. ) - 30° . (7.6) 

The value of g corresponding to a P.M. of 30° is 

S = 0.26 . (T.7) 

The associated values of the time domain characteristics are estimated 
from graphs to he: 

M , (H.T, ) =: W ; 
pu 

t (H.T.) = it.lps ; 

p 

t^ (H.T. ) -1.68ps j 

T (H.T.) ip.Ojis . (7.8) 

s 

The closed-loop time domain parameters given in Equations (7.^) 
and ( 7 . 8 ) describe the voltage waveform which sho\xld occur at the emitter 
of Q3 in response to a step input signal at the input of the op. amp. 

This assumes a linear system. with no overdrive or nonlinear problems. 
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However j as pointed out earlier in the thesis, the op. amp. is slew-rate 
limited. When the sampling resistor is switched, an approximate 3*8V 
signal appears at the input of the op, amp, until the feedback mechanism 
can correct. The time around the TCG loop is short enough for some cor- 
rection to be in effect before the op. amp. can respond wholly to the 
abrupt 3.8V change at its input. Because of the slew rate limitation of 
the op. amp. and the overdrive at its input, the parameters in Equations 
(T-^) and (7-8) are not truly descriptive of what occurs at the emitter 
of Q3 when the sampling resistors are switched. However, for small per- 
turbations at the input of the op. amp. or internal to the loop, they 
should be valid enough to partially characterize the behavior of the 
circuit. 

Signals throughout the TCG loop are of interest. However, the 
prime signals of interest are those associated with the torquer coll of 
the gyro. As is so often the case, the signals of greatest interest are 
those most difficult to analytically characterize. Such is the case 
here. In Chapter V, the impedance looking into the top of the H-switeh 
was shown to appear purely resistive over the operating frequency range 
of the TCG, This was done with a PCAP computer program which assumes a 
sinusoidal excitation. What the impedance looking into the top of the 
H-switch might appear to be in response to a step function excitation 
has not been determined. The PCAP program was written ass\miing alternate 
legs of the H-switch fully on or off. In actuality, the alternate legs 
of the H-switch are being switched from off to on, or vice versa, at a 
2.h kHz rate. The model used in the PCAP program is certainly not 
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adequate for these circumstances. The compensation for the torquer coil 
was determined by using a sinusoidal excitation at a 2.h kHz rate. In 
reality, the torquer coil is not driven by a sinusoidal signal, but by a 
current pulse train with changing polarity. How adequate the compensa- 
tion of the torquer is to make the torquer appear purely resistive imder 
actual torquing conditions is a question difficult to answer. A further 
complication is involved when the sampling resistors are rapidly switched. 
One end of the torquer coil sees a voltage change (and consequently a 
current change) occur from the top of the H-switch because of the normal 
unilateral flow of signal around the loop. In addition, the other end 
of the torquer coil sees a voltage change which comes through the bottom 
of the H-switch, and emanates from the voltage change across the sampling 
resistors as a result of switching resistor values . 

The above brief discussion serves to point out some of the diffi- 
culties to be encountered if one should attempt to analytically charac- 
terize the time domain signals associated with the torquer coil of the 
gyro. The complexity of the problem is of such magnitude as to justify 
relegating the determination of such signals to the experimental realm. 
Consequently, no atteiq)t will be made in this thesis to analytically 
characterize the voltage and current waveforms associated with the torquer 
coil of the gyro. A brief treatment of these waveforms and others will 
be presented in a later chapter on experimental results. 



CHAPTER VIII 


ERROR ANALYSIS OF THE H-SWITCH AM) PRECISION 
VOLTAGE REFERENCE CIRCUIT 

A "brief preliminary error analysis Involving the H-switch -was 
presented in Section C of Chapter II. Actuating errors and steady-state 
accuracy were obtained and discussed in Chapter V. This .chapter will 
continue the error analysis of the TCG by investigating offset and drift 
errors associated with the H-switch and the P"VR circuit. Rise- and fall- 
time inaccuracy and transient feed through currents will be briefly dis- 
cussed. The results of investigating these errors will then be used to 
give a worst-case estimate of the overall accuracy of the TCG. 

A. The H— Switch 

A detailed description of the H-switch is given in Section E of 
Chapter III. The H-switch is included in the schematic of the TCG shown 
in Figure 3.1. A model of the H-switch for offset current error analysis 
is given in Figure 8.1. The main torquer current is shown in_ heavy lines. 
Offset currents are indicated by lighter, broken lines with arrows. The 
H-switch drive circuits are isolated .from the torquer and switches Q5, 
q 6, Q8, and Q9 by insulated-gate FETS Q4A, Q4 b, Q7A, and Q7B. There is 
negligible quiescent DC gate current present in the torque current. With 
reference to Figure 8.1, the gate leakage current of QJA could contami- 
nate the torquer current. However, according to manufacturer's data, 
this leakage current should be no greater than lOpA. "When compared to 

ll4 
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FIGUEE 8.1 

MODEL OF H-SWITCH FOR OFFSET CURRENT ERROR ANALYSIS 
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the low-level torquer cxirrent of 30mA. , the leaJjage current represents 

-4 

only 3.33 x 10 ppm. For a torq.uer current of 1mA, the leakage current 
represents 1 x lO ppm. The Kearfott Model 2544 gyro has a torq_uer scale 
factor of 0.57 deg/mA-sec.^ For a 2.4 kHz interrogation rate, and the 
gyro pickoff assumed to he in a nulled position, the leakage current rep- 
resents an approximate error in the movement of the gyro float of 4.3 x 
-9 

10 arc-sec per torque pulse. 

Transient Feedthrough Currents 

Although the MOSFETS mentioned above do provide excellent DC iso- 
lation, they are somewhat susceptible to transient feedthrough currents. 
This occurs through the gate-source and gate-drain capacitances of the 
MOSFET. Good discussions of these parameters may be found in References 
39 and 40. 

Transient waveforms at the terminals of the composite field-effect- 
bipolar transistors in the H-switch were observed. The errors were small 
enough to make impractical a graphical analysis such as that reported by 
the author in Reference 4. The graphical analysis referred to was com- 
posed, of the following steps: (l) photograph the transient current wave- 

form at each terminal of the device in question; (2) enlarge and project 
this waveform upon a large scale grid made up of mm squares; (3) graphi- 
cally obtain the area in ampere-seconds by counting the blocks; and, (4) 
comparing the areas to obtain a reasonable approximation of feedthrough 
cxirrents. 

A theoretical analysis of the transients in the H-switch is an 
almost insurmountable task. However, a brief argument will be presented 
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in an effort to obtain a ■worst-case approximation of transient feed- 
'through current errors. With reference to Figure 8.1, the main transient 
feedthrough ■will be I 2 S I^. The problem is not simply one 

of feedthrough currents. Bather, the problem is to determine -which tran- 
sient feedthrough currents go through the torquer and are not sensed by 
the sampling resistor, or vice versa. 

Consider first and During a switching transient, one of 

these transient feedthrough currents enters the node at the top of the 
H-switch and the other leaves the node. Since the gate-source voltage 
changes on and Q4 b are theoretically the same but of opposite polar- 
ity, and q4a and QUB are closely matched, one may assume and to be 
equal in value. If such is the case, then neither current contaminates 
the torque current and neither is sensed by the sampling resistor. 
and can thus be neglected because they cancel each other. 

jSext , consider and Ij^. Q7A is turning "off" as Q7B is t-urning 
"on" . The gate-source voltage s'wings on Q7A and Q7B are theoretically 
the same, but are of opposite polarity. One may assume that and 
are equal in magnitude. However, in this ease they do not enter and exit 
the same node. The torquer coil is located between the sources of Q7A 
and Q7B. Under these circumstances it is possible that part or all of 
and become a part of the torque current. With a 35V signal swing 
on the gates of the MOSFETS, the ampere-second area contributed by or 
to the total amp. -sec area of a torque pulse would at first appear 
significant. Suppose the gate-source swing of 35V is accomplished in 
20ns. The well-known equation relating capacitance, the current through 
it, and the voltage change across it is 
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( 8 . 1 ) 



( 8 . 2 ) 


The left side of Equation (8.2) gives the current-time area as a result 
of the voltage change on C from 0 to in a time t from 0 to t^. From 
the manufacturer’s data sheet, the gate-source capacitance of the 3N190 
MOSFET is approximately 2.5pF. Let Ai^ ^ represent the area added 

to or subtracted from a normal torque pulse area by the transient feed- 
through current I^. Then, substituting 2.5pF into Equation (8.2) gives 


Ai 


l2(trans . ) 


t^=20ns 

r ^ 

i^dt ~ 8.75 X 10 


-11 


amp. -sec. 


(8.3) 


The error in the movement of the gyro float (for a Kearfott Model 2'y\h 
gyro) due to Ai^ (trans ) approximately 1.8 x lO ^ arc-sec. This 
error remains the same whether a limit cycle of 2.k kHz or 10 kHz is 
used. The relative size of the error will change with the limit cycle 
frequency. 

The worst-case contamination of the torque current will occur when 
the TCG is in the low-level torquing mode. Assume that the gyro is nulled 
and that the TCG is driving the gyro torquer with equal positive and 
negative area current pulses . Under such circumstances , and with a limit 
cycle of 2.4 kHz from the logic section, the time duration of either a 
positive or negative current pulse shoxild be 208.33 psec. The low-torque 
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level is 30mA. Letting represent the torque pulse area due to 

the low-level torque current under gyro nulled conditions , 


^H(low) 


E I^(low)At == 6,25 X 10' 


amp. -sec . 


(Q.k) 


330W Ai_ 

2 


(trans. ) 


can be compared to 


Ai 


IgC trans. ) 
Ai_j_(low) 


l.lt X 10“^ 


= lUppm . 


(8.5) 


If lower torquing levels were used, the value expressed in Equation 
( 8 . 5 ) would increase proportionately. Assume the limit cycle frequency 
to be 2.4 kHz and the torque current level to be 1mA. Then, 


^^t(low) 


_7 

= 2.083 X 10 amp. -sec. 


trans . ) 


can be compared to “to give 


(8.6) 


(trans. ) 

— p: == 420 ppm . ( 8 . 7 ) 

^t(low) 


How, assume the limit cycle frequency to be 10 kHz and the torque current 
level to be 1mA. Under these conditions. 


^^t (low) 


5.0 X 10 


amp. -sec. , 


( 8 . 8 ) 
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and 


^^Ip(trans . ) 

1750 ppm . (8.9) 

^H(lov) 

The results obtained immediately above do not reflect the whole 
story and are much too pessimistic. A closer study of Figure 8.1 and 
the operating conditions of the H-switch indicate that the net effect of 
the transient feedthrough currents is two-fold; (l) they add torgue 
pulse area to the leading edge of the torque current pulse; and (2) they 
subtract torque pulse area from the trailing edge of the torque c\irrent 
pulse. Since the H-switch is symmetrical and composed of well-matched 
devices, and since this is a binary system with positive and negative 
torquing during each limit cycle , the transient feedthrough effects 
should be compensating. Even if there is not complete compensation, a 
part of what remains will be sensed by the sampling resistor and corrected 
by the feedback mechanism of the TCG. In view of this, the errors due 
to transient feedthrough currents due to driving the H-switch can be 
neglected when compared to errors from other sources. 

Another transient phenomenon occurs in the H-swlteh when the 
sampling resistors are switched. When switching from the low-torque 
level of 30mA to the high-torque level of 60mA, a negative spike of 
approximately 3.1 volts appears on the normal 6.2V DC level at the 
emitters of q 8 and Q9. When switching from the high level to the low- 
level of torque current’, a positive spike appears at the emitters of Q8 
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and Q9- This positive spike attempts to rise 6.2 volts above the normal 
6.2V DC level at that point, but is clamped at approximately lOV by the 
sampling resistor switching network. These transient pulses are elimi- 
nated as soon as corrective action can be taken by the feedback mechanism 
of the TGG. However, during the time they are present there are undoubt- 
edly some undesirable transient feedthroughs in the H-switch. These 
transient feedthroughs are extremely diffictilt to observe, identify, and 
measure. Further, they are virtually iipossible to calculate. All is 
not darkness, however, for two reasons. First, the sampling resistors 
are switched at a time when the torquer current is to change directions 
through the torquer coil. At some time during this interval of changing 
torquer current direction, one could look from the bottom of the H-switch 
up and see a bilateral circuit with each leg in a similar state to the 
other. At this particular time, none of the devices are full "on" or 
full "off". As a result, a transient voltage spike occurring at the 
emitters of Q8 and Q9 has a better opportunity to feedthrough both legs 
of the bilateral H-switch. Some compensating effects could be expected 
in this case. 

Secondly, switching of the sampling resistors does not occur at a 
rapid rate. The logic section, which delivers torque commands to the 
TCG, is designed to generate, a high scale factor command only low 
torque-current pulses after the need was sensed. Once in the high scale 
factor mode, 201^8 high torque-current pulses must be delivered before a 
low scale factor command is given by the logic. As long as the attitude 
changes of the vehicle on which the gyro is strapped are not too severe. 
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the low-torque mode is maintained and no switching of resistors occurs. 
Principally because of this, and because in-flight corrections are made, 
the cumulative error due to transient feedthrough errors resulting from 
switching sampling resistors should be relatively small. Consequently, 
they will be neglected. 

Rise- .and Fall-Time Inaccuracy 

Ideally the current waveform driving the torquer would be one with 
vertical edges , making equal positive and negative excursions about the 
zero axis at a 2.h kHz rate, and width modiilated so as to null the ^ro 
error signal. Since the system is a binary one, both positive and nega- 
tive torque pulses must be applied on a continuous basis. 

In reality, the edges of the current pulses driving the gyro are 
not vertical. Rather, they exhibit characteristics associated with finite 
rise- and fall-times. Using a Kearfott 25hh gyro, for example, the ob- 
served low-torque rise- and fall— times for the exjrrent pulse through the 
torquer were 70 nsec and 90 nsec, respectively. Torque pulse area is 
lost on the leading edges of the current pulses, and torque pulse area is 
gained on the trailing edges of the current pulses. ‘ With unequal rise- 
and fall-times, the areas gained and lost in a given positive (or nega- 
tive) torque pulse will be unequal. As mentioned earlier, there must be 
positive and negative torque pulses applied on a continuous basis . With 
well-matched devices in the H-switch, the rise- or fall-time variations 
which would decrease negative torque area would also decrease positive 
torque area as well. Hence, there is effectively an inherent compensation 
in the H-switch.- The overall net torque pulse area should experience only 
a very small resultant change. 
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An analytical analysis of the tineq^ual rise- and fall-time errors 
associated with the torque current waveform is much too complicated to 
he undertaken here. In order to circumvent this difficulty and obtain a 
reasonable approximation of the error, a graphical technique was employed. 
A photograph of the torque current waveform at a torquing level of 30 mA 
and a limit cycle of 2.4 kHz was taken. The photograph was projected on- 
to a grid of millimeter squares at a distance appropriate to enlarge the 
oscilloscope graticule to a 80 cm x 100 cm size. The enlarged current 
waveform was traced on the grid along with a sketch of the ideal current 
waveform. By counting the mm squares, the current-time areas gained and 
lost by the finite rise- and fall-times of the torquer current were ob- 
tained. The excess or deficiency of area gained or lost over one inter- 
rogation period is the error of concern. The current-time area in the 
error due to unequal rise- and fall-times of the torque current pulse 
can be approximated as 

Ai(t^ f t^) “ 4.7 5< 10“^° amp. -sec. (8.10) 

per interrogation period. For the Kearfott Model 2544 gyro, this error 
•corresponds to a net error in the gyro float movement of approximately 
9.6 X 10 ' arc-sec. Ai(t^ 4- t^) may be compared to the current-time area 
in an ideal current pulse to obtain the relative error. Assume the gyro 
float to be in a nulled position, the limit cycle frequency to be 2.4 kHz, 
and I^(low) to be 30 mA. Under these conditions. 
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Ai(t^ ^ t^) 

Ai, (lov) 

"t 


~ 75 ppm . 
L.C.F. = 2.4kHz 


( 8 . 11 ) 


For the same conditions, hut with a limit cycle frequency of 10 kHz, the 
relative error becomes 


Ai(t^ ^ t^) 
Ai_j_(low) 


- 313 ppm . 
L.C.F. = lOkHz 


( 8 . 12 ) 


The value for Ai(t^ ^ t^) will of course be different for dif- 
ferent levels of torquing current. The finite rise- and fall-times of 
the torque current waveform appear on the grid mentioned above as non- 
linear curves. The error in ciorrent-time area due to unequal rise- and 
fall-times of the torque current pulse is then a nonlinear phenomenon. 
Larger amplitudes than 30 mA of torque current result in longer rise- 
and fall-times. The nonlinear curves of the leading and trailing edges 
of the torque current pulse cover more distance. Hence, the relative 
areas gained or lost are increased. The error in current-time area ap- 
pears to increase at a rate more rapid than it would if it were a linear 
function of current amplitude. The inverse of the argument above holds 
for smaller current amplitudes than 30 mA of torquer current. The 
current-time area of an ideal torque current pulse, with the limit cycle 
frequency held constant, is a linear function of the amplitude of current 

pulse. Hence, the ratio of Ai(t ^ t„) to Ai, (low) should be greater 

r I u 
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than the value given in Equation ( 8 .II) vhen 1^ Is greater than 30 mA 
and the limit cycle frequency is 2.h kHz. The ratio should he smaller 
than 75 PP^u when I, is less than 30 mA. For a given torque current 
level, the ratio of Ai(t 7 ^ t ) to Ai (low) increases linearly for limit 

3^ I *v 

cycle frequencies above 2.h kHz. The ratio decreases linearly for limit 
cycle frequencies below kHz. 

Offset and Drift Errors in the H-Switch~ 

The assumption is made in Figure 8.1 that the composite transistor 
combinations (q4a, Q5) and Q7B, Q9) are "on" and (QitB, q 6) and (QTA, Q8) 
are "off". Leakages in the "off" devices will cause a DC offset leakage 
current which did not pass through the torquer to be sensed by the sam- 
pling resistor. This ultimately appears to the system computer as a 
torque pulse area which was applied, but really wasn't. Obviously, high 
quality devices must be used in the H-switch to maintain low DC offset 
leakage if for no other reason. 

Eeferring to Figure 8.1, the DC offset leakage is due principally 

to I„ and I, Using I for the current sensed by the sampling re- 
7 15 sens 

sistor, E , one can write 
P 

I ==1^ +!„ + !_. (8.13) 

sens. torque 7 15 

Manufacturer's data on the 3N190 M08FET indicates a maximum leakage 
current of 1|00 pA. Data sheets on the SDT 6l03 bipolars do not give any 
leakage specifications. 10 nA will be assumed as a reasonable maximum 
offset current for the SDT 6l03 device. For lack of data, 10^ of the 
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leakage current per degree Celsius will be assumed for the temperature 
coefficient for both the MOSFETS and bipolars. This amounts to 1 nA/°C 
for the SDT 6l03 and 1^0 PA/°C for the 3N190. 

Equation (8.6) indicates that the error in the current sensed is 
+ ^15* error of these terms in comparison to the lov-scale torque 

current, I. (low) is 

b 

^ ^15 20.8 X 10~^ ^ „ /n .‘i ^ 

Static Error == - i ' ' ' /. ^ ^ ~ ^ ~ 0.7 ppm . (8.14) 

30 X 10“^ 

The worst-case drift error is 

Drift Error = ^ =0.07 ppm/°C . (8.15) 

(30 X 10”-^)°C 

The FVB Circuit 

A full schematic of the PVE circuit is shown in Figure 3.1 as a 
part of the TCG circuit. A simplified model of the PVE and associated 
circuitry for use in drift error analysis is given in Figure 8.2. The 
terms indicated in Figure 8.2 are those needed for drift error analysis 
and are defined as following: 

- the precision current applied to the gyro torquer, 

and which is equal to V_ „/E ; 

Ref p 

- the precision Zener diode reference voltage; 

- the precision sampling resistor which monitors 
the torque current; 

I 

z 


“ the Zener current ; 
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- input bias currents for the op, -amp.; 

- the op. amp. offset voltage; 

r - the channel resistance of the "on" FET switches ; 
on 

r - the dynamic resistance of the Zener diode; 
z 

e^ - the error signal voltage in the feedback circuit; 

^off ~ leakage current of an "off" FET or bipolar 
transistor switch. 

The transistor numbers used in Figure 8.2 refer to those used in Figure 
3.1. The topological form of the circuit in Figure 8,2 is the same 
whether the system is in the high- or low-torque state. Parameters shown 
in brackets apply to the low-scale torquing state, and unbracketed values 
indicate the high-scale torquing state. 

An equation for the error signal, e^, can be obtained from an 
analysis of Figure 8.2. 

»1 = ± + Ig tRj, + (Q12B)] - 

♦ <\ef - Vt> " ^ "off 

+ [Rp + r^^(Q12B)J I^^^(Q12C) . (8.l6) 

Drift of the error signal e^ with temperature can be estimated by a 
first-order linearization. This can be done by substituting values for 
the appropriate changes from data sheets into the expression for ^T 
computed from Equation (8.l6). Table 8.1 gives the data on drifts as 



129 


TABLE 8.1 

DRIFT DATA USED FOR DRIFT 
ERROR AlIALYSIS OF THE PVR 


AV 

-^ = + 0.5 yv/°c 

I^f^(Q12) = 200 pA 

AI (Q12) 

AT = 

= 105 nA(max) 

AI. 

= 200 pA/°C 

^off = 10 nA 

AI .. (QIO, Oil) 

= 1 nA/°C 
AT ' 

I 2 = 95 nA (max) 

AI„ 

= 200 pA/°C 

r = 10 ohms 
z 

AR 

I^ - Ig = 10 nA(max) 

= ±3 ppm/®C 

^ = 6.2V 

R (low-scale) = 206.T ohms 

Ref 

P 

AV_ „ 

= + 31 yV/°C 

r =75 olims 
on 

Ar 

= 0.15 ohm/°C 

R^( high-scale) = 103.3 ohms 
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reported "by manufacturers' data sheets, or as reasonable estimates when 
not reported. 

Neglecting insignificant terms, the normalized change in e^ with 
temperature can he approximated as 


r ^ 

Ae, 

AV AV„ ^ .V„ ^ AR ' 

1 

1 1 

0 , Ref Ref ' p 


AT ^ 

- AT - AT " R AT 

Ref 

Eef 

L p 


(8.17) 


Substituting appropriate values from Table 8.1 into Equation (8.17) gives 


1 

''Eef “ 


(low-torque case) ^3.6 ppm/°C , 


(8.18) 


and 


1 ^®1 


Vf 


(high-torque case) £.2.2 ppm/°C . 


(8.19) 


An estimate of long-term drift can also be made. AV^/At is given for the 

op. amp. as 10 pV/month. A specified by data sheets as better 

than 100 ppm/1000 hr. The sampling resistor should be chosen so as to 

have a AR /At of at least as low as 12 ppm/1000 hr. Substituting these 
I' 

values into the expression for the normalized error signal change with 
time gives 


Ae, 


\ef "" 


£ 96 ppm/month . 


( 8 . 20 ) 
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Obviously this value is due principally to the drift of the 1N829A Zener 
reference diode. If lover drift is required, a MZ605 precision reference 
diode with less than 5 ppm/ 1000 hr. can he used in place of the 1M829A 
diode. In that case, a long-term drift of 6.6 ppm/month could he ex- 
pected. 

A vorst-case estimate of the overall accuracy of the TOG can he 
made hy adding the errors associated with the PVE, with sensed current, 
and with unequal rise- and fall-times. 

Overall Accuracy (worst-case analysis) - 
error (PVE) + error (Sensed current) + 

error (rise- and fall-times) (8.21) 

Substituting values obtained earlier in this chapter into Equation (8.21) 
gives the following for the low-torque mode; 

Overall Accuracy (worst-case analysis) ;< ' 

(3.6 ppm/“C and 96 ppm/month) + 

( 0.7 ppim and 0.07 ppm/®C) + 


(< 75 ppm). 


( 8 . 22 ) 



CHAPTER IX 


NOISE CONSIDERATIONS FOR THE TORQUE 
• CURRENT GENERATOR 


A. General Comments 

Devices classified as transducers , detectors , and sensors are 
"basic to tlie instrumentation and control fields . These devices are anal- 
ogous to the ears, eyes, and other senses of the htiman "body. They sense 
and translate physical irorld properties into electrical signals. The 
level of electrical noise generated in the sensor and its associated 
electronic system is often of great concern to the design engineer. 

The TCG incorporates a type of sensor system. The torquing CTir- 
rent is sensed by one of two sampling (or sensing) resistors. The volt- 
age developed across the sampling resistor is compared to a precision 
voltage reference by the AD504M operational amplifier (see Figure 3.l). 
Input offset voltage, input currents, and their drifts constitute DC in- 
put error signals. Equivalent input noise voltage and currents represent 
AC input error signals in a differential stage, such as the input of the 
op. amp. The signal sensitivity of the amplifier system is limited by 
the combined effects of input noise voltage and currents. Any amplified 
signal must be of sufficient magnitude to be detectable over the inherent 
noise level of the amplifier. "Whenever possible, circuit conditions 
should be adjusted for a maximum signal-to-noise ratio in order to opti- 
mize noise performance. 
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Much of the theory on noise is statistical and quite complicated. 
In addition to "being highly mathematical, many treatments on noise are 
not readily applicable to circuits involving operational amplifiers. In 
this chapter, derivations -will he avoided in hope of a simple noise anal- 
ysis of the TCG. Noise mechanisms will he assumed familiar to those who 
read this thesis and will not be discussed. The literat\ire contains 
many sources with discussions on noise mechanisms. Among these are 
References k2 through 48 which the author found helpful. A practical 
approach outlined in Reference 4l will be combined with conventional 
methods to predict the "total EMS noise" of the TCG. 

Noise figures of merit will not he discussed in this chapter 
except to briefly state which parameter will be most useful in charac- 
terizing the TCG. The AD504 m op. amp. functions to sense and amplify 
differences in voltages that may appear across the sampling resistor and 
the precision reference diode. In view of this, the most logical param- 
eter to obtain would he the equivalent input noise voltage of the system. 
This will indicate how small a differential signal can he sensed and 
processed. 

The noise analysis of the TCG will now he undertaken. Noise ter- 
minology and modeling which may he necessary will he discussed when 
needed. 

B. Noise Analysis of the TCG 

As detailed in Chapter V, the TCG can he represented as a feed- 
back circuit illustrated in Figure 9-1 (a-)« The load, i.e. the torquer 







(a) Feedback representation 
of the TCG. 


(h) Feedback circuit with noise 
sources. 


FIGURE 9-1 


FEEDBACK CIRCUIT REPRESENTATIONS OF THE 
• TCG FOR USE IN NOISE ANALYSIS 
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coil of the gyro, is floating and is contained in Standing at the 

output of the amplifier block, the impedance seen looking toward the 

load appears resistive over the frequency range of interest. However, 

within the resistor labeled there are six composite field-effect- 

bipolar transistors as well as the torquer coil plus its compensation. 

At any one time under steady-state conditions , three of the composite 

transistors will be "on" and three will be "off". Ideally, one would 

like to obtain the noise contribution of each of these components grouped 

in and combine these noise sources into one mean-square equivalent 

2 

noise voltage generator, e^ . 

Between the junction of R^ and R^ and pin 2 of the amplifier block 

are two MOSFET's. At any one time under steady-state conditions, one 

transistor is "on" and one is "off". The noise contribution of these 

devices can be combined in the mean-square equivalent noise voltage gen- 
2 

erator for R , e 
P P 

R^ in Figure 9«1 (a) represents any resistance presented by the 
PVR to the input of the amplifier block. The noise contributions of the 
IN 829 A Zener reference diode, DU, E3, and QI 6 (see Figure 3.l) can all 

be combined into one mean-square equivalent noise voltage generator, 

2 

e 

ns 

The amplifier block A^ in Figure 9-1 (a) represents the TGG- loop 

from the input of ICl to the emitter of Q3. Boise sources throughout 

this portion of the circuit will need to be reflected to the input of 

2 2 

the op. amp. as e and i' . 

n n 
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With all the conditions in the immediately above discussion met, 


the TCG loop can be represented as Illustrated in Figure 9*1 (b). The 

h2 

eguivalent input noise of this system is 


2 

e . 

ni 


+ 


2 X 2^.2 

e + e +1 
ns n n 


E E . 

K ■ ’+ — — 
s R + R. 


P 


^f 

2 

2 

E 

P 

E + R^ 

^f 

E + Rj, 

P fj 


1 P 


(9.1) 


2 

The e^ noise generator included in Equation (9*1) "will be con- 
sidered first. An earlier discussion outlined the components contained 
in the representation in Figure 9 .I* Figure 9.2 (a) indicates the 
general form of the composite FET-bipolar transistors used in the H-switch 
and sampling resistor switching network. Figure 9.2 (b) is a simplified 
noise model, with noise referred to the inputs of the respective devices. 
Woise models of bipolar transistors and FET's may be found in noise lit- 
erature, or in such references as References 42 and 49 in this thesis. 

The method of attack will be as follows: determine the noise 

voltages and currents at the input of the MOSFET; reflect these contribu- 

2 2 

tions to the base of the bipolar; determine e^ and i^ for the bipolar; 
reflect the composite noise of the two devices from the base of the bi- 
polar to the emitter. Then, the noise contributions of all the composite 
transistors ’ etc.) can be combined. This result can be com- 

bined with noise contributions of the torquer and its compensation net- 
work to give the desired mean-square equivalent noise voltage generator 
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2 

. The spectrum of freguency will he divided into narrow "spots" or 

2 2 

intervals, Af^ , Af„, etc., so that e or i may he considered 
’ 1’ 2’ ’ n n 

either constant or to have constant slope (as in l/f noise in low- 

freguency regions ) . Then an incremental approximation may he used to 

evaluate the rms noise, e . The rms noise in the total interval to he 

n 

computed is the root-sum-of-the-sguares of the noise in the incremental 
intervals, since it can he assumed that each noise source is relatively 
uncorrelated with the others. This may he expressed as 


e 

n 



+ . . . 


(9.2) 


The noise sources in the MOSFET may he calculated by the following 
eguations : 


i ^ = 2g I + ~ kTR (m C )^ ; 
g ^ .g 3 n gs ’ 

(9.3) 



Id = ‘‘ “ > 

(9.4) 


e.^ = kTE (1 + f, /fa) ; 
1 n h 


(9.5) 


and 




( 9 . 6 ) 
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where K varies from 1 to 2.5 for a MOSFET. In Equation (9-5) j f^ is the 

hreak frequency between l/f noise and white noise, and a = 1 for l/f 

noise. The f-j^/f term in Equation (9«5) accounts for low-frequency noise. 
50 2 

Das and Moore give an expression for i^ in the low-frequency range 
in terms of terminad voltages and power dissipation. The expression, 
though attractive, is in the fonn of a proportionality and the propor- 
tionality constant is not given. Since no exact data on the 3IT190 or 
MM552D MOSFET's is given, an f^ of 10 kHz and K = 1 will be assumed. 

These values seem reasonable in light of the following: (l) Eonen 

shows that when clean thin oxides are used, conventional low-threshold 
p-MOSFET's demonstrate low-noise operation, low cross-over frequencies 
of less than 10 kHz, and high uniformity of results; and (2) the obser- 
vation has been made that devices with exceptionally low gate leakage 
/ V h-2 

current have low l/f noise. The 3H190 MOSFET's are specified 

(rob 

by the manufacturer to have an of 10 P-^ maximum. The MM552D is 

(iob 

specified to have a typical of 20 pA. 

ubb 

The values to be used for in the cases of the 3N190 or MM552D 
MOSFET's is not clearly defined. Since the devices will be operated in 
or near the ohmic region, minimum specified values of g^ will be used. 
Thus, 1200 ymhos will be used for each type of MOSFET. A of 3 pF 
will be used for each of the devices. 

2 2 

The mean-square noise generators e^ and i^ in Figure 9*2 can be 
evaluated by the following approximations: 

e/ . It kT (r^ + %) ; 


( 9 . 7 ) 



and 


lUO 

d-% . (9.8) 

in E( 3 _uation (9*l6) is the hreah freijuency between l/f noise and white 
noise for the bipolar transistor. Equations (9-7) and (9 *8) are simpli- 
fications from more complex equations by assuming » 1, r_^ » r^, and 

2 

Ig » where r.^ is the base resistance. The term e^^ in Figure 

9.2 is the thermal noise generator for Rl. This noise voltage contribu- 
tion will also be reflected to the emitter of the bipolar transistor. 

The Kearfott Model 2^kh gyro torquer coil has a DC resistance of 
approximately 71*7 ohms. The compensation resistor E is also 71*7 

oC 

ohms . The noise contribution of this effective resistance is to be in- 
2 

eluded in the e^ mean-square noise generator. 

2 

The necessary equations for determining e^ are now available. 

The details of the calculations will not be given in order to conserve 

space. Also, the results of the calculations will be reserved until the 

means of deriving the other equivalent mean-square noise generators in 

Equation (9-l) have been discussed. Then, a table listing values of 

these noise generators for specified frequency bands will be given. In 

this way, all the pertinent information will be in one brief space for 

study and comparison. 

2 

The e^ generator in Equation (9*l) 'will be considered next. The 

MOSFET's between the sampling resistor and the input of the op. amp. can 

be treated with Equations (9*3) through (9*6). This contribution can be 

2 2 

combined by circuit analysis with e_ = kTE ^ to give e 

P-*- P 



2 

The e mean^stiuare noise generator in Equation (9*l) consists 
ns 

of the noise contributions of ^6 (a JFET), Dl, Dij, and R3. Ectuations 
(9*3) through (9.6) .can be used with the JFET. K is taken as 2/3 j and 
other parameters are available in the manufacturer's data book. 

Dl is a Zener reference diode. A Zener diode generates noise when 
it is biased in the normal reverse-bias breakdown region. The Internal 
resistance associated with the device causes a small part of this noise. 

A larger part of Zener noise is a result of the Zener breakdown phenome- 
non. This noise mechanism is often called microplasma noise. Generally, 
this microplasma noise is considered "white" noise with equal amplitude 
for all frequencies from zero Hertz to approximately 200 kHz. The higher 
frequency components of the noise may be partially eliminated by using a 
small shunting capacitor (C3 in Figure 3.1, serves this purpose). The 
size of the capacitor which would be required to eliminate the lower fre- 
quency components of the noise would degrade the regulation properties of 
the Zener diode. Hence, the lower frequency noise must be tolerated. 

A plot of the distribution of maximum generated noise versus center 
frequency for the 1N829A diode is included in one manufacturer's data 
sheets (The Semiconductor Data Library, Motorola Semiconductor Products, 
Inc., First Edition, Vol. l). The curve was obtained with a current of 
7.5 mA in the diode and with a measuring setup having a 500 Hz bandwidth. 
The value of maximum generated noise in a -500 Hz bandwidth was less than 
1 yV over a center frequency range of 10 kHz to 1 GHz. Assuming a 

1 yV maximum noise in a 500 Hz bandwidth, a value of ^5 nV /vllz is 

rms ’ rms 

thus obtained for the noise generator representation of Dl. 
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The TCG has a closed-loop bandwidth of approximately 200 kHz. 

The noise generated by D1 begins to experience attenuation before 200 
kHz because of the time constant associated with the shunting capacitance 
C3 and the dynamic impedance of the diode. The break frequency corre- 
sponding to that time constant is approximately 159 kHz. To obtain a 

reasonable worst-case condition, the nV /vllz value for the maximum 

’ rms 

generated noise for D1 will be assumed constant from zero Hertz to 200 
kHz. 

is a forward-biased PH j\mction diode. Two noise current gen- 
erators are important for Di+ in the frequency range associated with the 
TCG operation. One is shot noise, and can be represented by 


^{d4)s 


= 2 q I 


D 


(9.10) 


The other is low-frequency noise current, and it can be represented by 


42 


(d4)f 


2 


(9.11) 


where f^ is a constant having values from 3.T kHz to 7 MHz. While f, 

does not match the corner frequency, there is gross correlation between 

f_ and the low-frequency noise corner. Hence, f is used to represent 
L h 

the low- frequency noise corner frequency. In this application, f^ is 
chosen as 10 kHz. 

R3 is typically 25 ohms, and exhibits thermal noise. The noise 


contribution of E3 is 



= kT(R3) Af 


(9.12) 



referred to pin 3 of ICl. 

2 2 

Consider the noise generators eind i^ which appear in Equation 

(9.1). These terms must contain the noise voltage and noise current 

contributions of the op. amp. and the circuit from the output of the op. 

amp. to the emitter of Q3. Many texts, such as Reference k2, contain 

2 2 

the proper models and equations for calculating e and i for the 

n n 

Darlington pair and the differential amplifier. These are referred to 

the input of the op. amp. by using the proper gain expressions. 

Curves are available from the manufacturer for e and i of the 

n n 

op. amp. over a frequency range of 1 Hz to 20 kHz. One can extrapolate 

these curves back to 0.1 Hz with reasonable accuracy. The curves will 

be assumed flat from 20 kHz to 200 kHz. 

Before giving the table containing the mean-square noise sources 

used in Equation (9.l)s a note should be made concerning the contribution 

of "pink noise" (a generic term applied to ideal 1/f noise). Pink noise 

contributes equal increments of rms noise over each octave or each decade 

of the spectrum. Each increment will be 1.52 K per decade, or 0.83 K per 

— — hi 

octave, where K is equal to the value of e or i at 1 Hz. 

’ ^ n n 

Table 9*1 gives values for the contributions of the various noise 
generators appearing in Equation (9*l) over specified frequency bands. 
These values can be substituted into Equation (9.I) to yield e^^ (and 
consequently e . ) for each frequency interval. These results are given 


in Table 9.2-. 



TABLE 9.1 


CONTRIBUTIONS OE THE NOISE TERMS IN EQUATION (9.I) AND FIGURE 9.1 
FOE 'THE INDICATED FREQUENCY INTERVALS, AND FOE A TORQUE 

CURRENT OF 30 mA 


Af (Hz) 

e/ (V^) 


e / (V^) 

e ^ (V^) 

i CA ) 



P 

ns 

n 

n 


0.1-10 

2.18 

X 

10" 

-12 

6.91 

X 

10* 

-13 

1.69 

X 

10' 

-13 

4.16 

X 

10**15 

1.16 

X 

10' 

-22 

10-100 

1.10 

X 

lo" 

-12 

3 .hj 

X 

10* 

■13 

2.57 

X 

10* 

-13 

7^29 

X 

10''15 

5.78 

X 

10' 

-23 

lOO-lk 

1.18 

X 

lo’ 

-12 

3.59 

X 

10* 

-13 

1.90 

X 

10* 

■12 

7.31 

X 

10**^^ 

5.78 

X 

lO* 

-23 

IN-lOk. 

2.00 

X 

10* 

-12 

5.13 

X 

10’ 

-13 

1.83 

X 

10* 

-11 

7.74 

X 

^0-13 

3.60 

X 

10* 

-22 

10fc-200k 

1.93 

X 

lO* 

-11 

3.54 

X 

io’ 

■12 

3.85 

X 

10* 

-10 

1.59 

X 

lO**^^ 

1.71 

X 

io**2° 


Ikh 



0 . 1-10 

10-100 

100-lk 

Ik-lOk 


1.12 X 10 

9.03 X 10“'^ 

-fi 

i. 6 o X 10 

X 10"^ 

2.03 X 10“^ 


10k-200k 
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The entries in Table 9*2 can then he substituted into 


e . 

ni 



(9'.13) 


to yield the total rms input noise in the 0.1 Hz to 200 kHz interval. 
The result of this operation is (for a torque current of 30 mA) 


e . (O.l Hz to 200 kHz) == 20.9 hV . (9-l^) 

It is apparent from Table 9-1 that the significant noise contribu- 

2 

tion is due to the Zener reference diode (the e term), and thus the 

ns 

®ni Equation (9-1^) is not -strongly dependent on the torque 

current value. 

A further note should be made concerning the input noise to ICl of 
the TCG. The noise consists of frequency components that are random in 
both amplitude and. phase. Although the instantaneous amplitude or phase 
cannot.be predicted, the long-term mean of the noise signal should be 
zero. Hence, over relatively long term intervals, the effect of the 
noise on the movement of the gyro float should be negligible. 



CHAPTER X 


VERSATILITY OF THE TORQUE CURRENT 
GENERATOR 

The torque current generator illustrated in Figure 3.1 represents 
the author's idea of the required circuit at the point in time of its 
inception. Obviously, needs change with time and applications. One of 
the design goals enumerated for the TCG in Chapter II was versatility. 

The TCG circxiit, as illustrated in Figure 3.1j presents itself as a cir- 
cuit which can be modified in numerous ways without changing the basic 
design features of the circuit. 

The current range capability of the TCG (as it exists in Figure 
3 . 1 ) will be discussed in this chapter. In addition, many possible mod- 
ifications of the TCG will be presented. Although not exhaustive in 
nximber, the possible modifications given will illustrate the versatility 
of the TCG. 

A. Current Range Capability of the TCG 

The TCG, as it appears in Figure 3.1j was experimentally run with 
two different gyros at low- and high-torquing levels of 30 mA and 60 mA, 
respectively. A knowledge of the upper and lower level torquing limits 
would be useful information. These limits depend upon several factors. 
Among these factors are the impedance of the gyro torquer coil, the power 
dissipation capability of Q3, the stability of the TCG loop against self- 
oscillation, and the voltage available for dropping across the torquer 
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coil. The latter two factors can be reasonably well predicted. The 
range of impedance levels for strapdown gyro torquer coils is beyond the 
author's knowledge, but an estimate of a DC resistance range of 10 to 
200 will be made. 

Maximum Torquing Current of the TCG 

The voltage available for dropping across the torquer coll will 
be considered first. Nat^lrally, the impedance of the torquer coil and 
the voltage across the coil define the current through it. Each of the 
composite FET-bipolar transistors in the H-switch (or in the sampling 
resistor switching network) has a voltage drop across the collector 
(drain) to emitter of 0.5 V to 1.0 V, depending on the torquing level. 
Three of these are normally "on" and three are "off" under steady-state 
conditions. Thus, a voltage drop 3.0 V maximum can be expected from the 
three "on" composite transistors. A voltage of 6.2 V normally appears 
across one or the other of the sampling resistors. This, combined with 
the voltage drop across three composite transistors , gives an approximate 
9.2 V drop accoxmted for thus far. The voltage drop across the torquer 
coil is I.R, , where E, is the DC resistance of the coil. A small voltage 

w "C V 

drop across Q3 is desired to hold the device out of saturation. If ap- 
proximately 3.8 volts is chosen to be the minimum allowable drop across 
Q3, then a maximum of 31.2 volts is available at the emitter of Q3 to 
drop across the H-switch and sampling resistor network. Since 9-2 volts 
of this has already been accotmted for, a maximum of 22 volts is avail- 
able to drop across the torquer. As a result, one can write 



I E = 22 V . 


ll^9 

( 10 . 1 ) 


A plot of Equation (10. l) is given in Figure 10.1. The cross-hatched 
region above the curve is forbidden because of voltage supply constraints. 

Another constraint on the maximum allowable torquing current is 
the power dissipation capability of Q3. The manufacturer specifies the 
MPS-U06 to have a dissipation of 10 ¥ when properly heat-sinked. The 
Pjj(max) of the device must be derated 80 mW/°C above 25°C. Assuming the 
operating temperature to be 55'^C, 2.4 ¥ must be subtracted from P^(max). 
Another 1.6 ¥ will be subtracted to give a small margin of safety. The 
resulting available P^(max) at 55°C is 6 ¥. The power dissipation in Q3 
is 


P = I V 
D t CE 


( 10 . 2 ) 


V™ is just 35 V minus the voltage at the top of the H-switch. The volt- 

OJIj 

age at the top of the H-switch is approximately 


V, = (9.2 + I. E ) volts . 
A. *G "o 

V thus becomes 

Uiii 


(10.3) 


= (25.8 + I E ) volts . (10.4) 

LrJlj “C 

If Equation (l0.4) and P^^ = Pj^(max) = 6 ¥ are substituted into Equation 
(10.2) s a relationship between I^ and E^ with Pjj(max) as a parameter is 
obtained. This relationship is 
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FIGUHE 10.1 

PLCffS OF VOLTAGE DROP AHD POIVER DISSIPATION 
COHSTBAIUTS IIIDICATIHG TOIiQUISTG, C0KHEi£P AHD 
TORQUES KESISTAIilGB EAIIGES, FOE A POVffiE 
SUPPLY VOLTAGE OF 35V 
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25.8 = 6 . (10.5) 

Equation (10.5) is also plotted in Figure 10.1 along vith Equation (lO.l). 
The region to the left and above the plot of Equation (IO. 5 ) is a for- 
bidden region of operation because of the power dissipation rating of Q3. 

The area not cross-hatched in Figure 10.1 gives the available 
operating region with respect to voltage drop and power dissipation con- 
straints. This does not include the constraint imposed by the stability 
of the TOG loop. Stability calculations for the loop indicate that if 
an additional constraint of I (max) = 200 mA be imposed, a safe operating 
region below all curves in Figure 10.1 will be defined. This safe oper- 
ating region is the dotted region in Figure 10.1. This region also in- 
dicates the maximum torquing current for a given E^. 

The dotted region in Figure 10.1 says nothing about error con- 
straints on the maximum allowable torquing current . A study of the error 
analyses presented earlier in this thesis indicates that there are three 
errors which become worse with an increase in the high torque level of 

torquer ciurrent. One is e (t), or the steady-state actuating error. 

s s 

The change has little effect upon the performance of the TOG loop and 
will be neglected. 

A second error which becomes worse with increasing torquer current 
levels is one associated with the PVR. If all other parameters are equal, 
the error given in Equation (8.19) becomes 5.2 ppm/°C for an of 200mA. 

The third error of concern here is the error associated with un- 
equal rise- and fall-times. As explained in Chapter VIII, this error 



152 


increases -with increasing torq.uer current levels. A graphical approxi- 
mation similar to that descrihed in Chapter VIII was performed for a 
torquing level of 200 mA. Although the approximation is crude, the re- 
sults indicate that an error in current-time area of approximately 8.3 ^ 

-9 

10 amp. -sec. per interrogation period can he expected. This corresponds 
to an error in the movement of the gyro float of approximately O.OIT arc- 
sec. When compared to the current time area in an ideal torque current 
pulse, the relative error is approximately 200 ppm for a limit cycle fre- 
quency of -2. 4 kHz. An increase in the limit cycle frequency causes a 
proportional increase in the relative error. For example, a limit cycle 
frequency of 10 kHz would cause the 200 ppm error to increase to approxi- 
mately 830 ppm. 

Minimum Torquing Current of the TOG 

The constraints on the minimum possible torquing current are not 
altogether the same as those for the maximum torquing current . Power 
dissipation and voltage drop constraints are not problems in this case. 

The stability constraint remains. However, calculations on the stability 
of the loop indicate that an I^ of as low as 1 mA can be tolerated. The 
region indicated in Figure 10.1 as being a safe operating region basically 
holds for the minimum torquing cxarrent also. At torquer current levels 
of 1 mA - 10 mA, the feedback factor B will naturally be larger than for 
larger torquing currents. Consequently, an increase in the loop gain will 
occur. Dominant pole compensation may be required at the base of Q2B. 

Lower values of torquing current naturally cause static and drift 
errors to appear worse. The static error given as 0.7 ppm in Equation 



153 


(8.lU), for = 30 mA, becomes 20.8 ppm for =’ 1 mA. The worst-case 
' drift error given as 0.07 ppm/°C in Equation (8.15) > for = 30 mA, be- 
comes 2.08 ppm/®C for 1=1 mA. 

Another error which appears to increase relative to a decrease in 
the current-time area of a torque current pulse is that due to transient 
feed-through currents in the H-switch. The current-time area in the 
feedthrough current error per torque pulse was estimated in Chapter VIII 
to be approximately 8.75 ^ 10 amp. -sec. This corresponds to an error 
in the gyro float movement of 1.8 x 10 are-sec. When I^ = 30 mA and 
the limit cycle frequency is 2.k kHz, the ratio of ^ = 8.75 ^ 

amp. -sec. to the current-time area in an ideal current pulse, Ai^, 


10 


-11 


is approximately l4 ppm. , If I^ = 1 mA, and the limit cycle frequency is 
2.4 kHz, then the ratio is approximately 420 ppm. If I^ = 1 mA, and the 
limit cycle frequency is 10 kHz, then the ratio is approximately 1750 ppm. 

The current range of the TCG is thus seen to extend from 1 mA, with 
some additional condensation, to 200 mA. In the extreme low levels of 
the range, static, drift, and transient feedthrough currents in the H- 
switch become principal areas of concern. In the extreme high levels of 
the current range, PVR drift error and error due to unequal rise- and 
fall-times take the dominant roles as errors to be closely observed. In- 
creasing the limit cycle frequency compounds the transient feedthrough 
errors in the H-switch and the error due to unequal rise- and fall-times. 


The TCG circuit illustrated in Figure 3.1 is overly complicated 
if torquer current levels of 1 mA - 5 mA in low torquer resistances are 
desired. The circtiit illustrated in Figure 10.2 was developed and used 






FIGURE 10.2 


A TCG CIRCUIT FOR LOW-LEVEL TOEQUING CtTREEWTS 
ARD LOW DC TORQUER EESISTMCES 
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by Dr. E. J. Kennedy and Dr. T. V. Blalock in recent months. The circuit 
has the same basic circuit configuration as that in Figure 3.1> but is 
greatly simplified. The H-switch driver circuit is not present; the 
sampling resistor switching network is not necessary since only one sam- 
pling resistor is being used; the FET-diode current source feeding the 
IW829A Zener reference diode is not present; feedforward compensation is 
unnecessary, although additional capacitance has been added to compensate 
the op. amp. and a capacitor at the base of Q8 replaces the EC lag com- 
pensation; and. a standard complementary MOS digital circuit (CMOS) is 
used in the H-switch. 

B. Some Possible Modifications of the TCG 

The following material is not intended to be an exhaustive study 
of all possible modifications of the TCG. Bather, some of the possible 
and meaningful modifications will be illustrated to exhibit the versatil- 
ity of the TCG. An attempt will be made to organize the material accord- 
ing to what logic is used and whether or not a 35 V supply is used. 

Driving the TCG with TTL Logic 

TTL logic signals may be used to drive the H-switch driver circuit 
and the sampling resistor switching network. With 0 to 5 V level signals, 
it becomes necessary to level shift to drive the MOSFET gates used in the 
H-switch and sampling resistor switching network. The type of level 
shifting req.uired depends heavily upon the supply voltage attached to 
the collectors of Ql, Q2B, and Q3. 
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Driving -with TTL Logic vith. 35 Y- Supply -Present. ■ - 

This situation is the one illustrated in Figure 3.1. The TTL to 
CMOS interface illustrated in Figure 3.2 is necessary for these circum- 
stances. Since these circuits have, already been discussed in detail, no 
further comment -will be made on the TTL logic drive ■with 35 V supply 
utilized. 

Driving -with TTL Logic vith 35 V Supply Eliminated 

Elimination of the 35 V supply is easily accomplished if one does 
not require a high current drive. However, as determined in section A of 
this chapter, the upper limit of torquer current is a function of voltage 
available for dropping across the torquer coil. The problem, uhen, is to 
eliminate the +35 V supply and still have a reasonably large voltage dif- 
ferential between the top of the H-switch and the bottom of the sampling 
resistors. This can be accomplished by using +15 V wherever +35 V was 
used, and connecting the sampling resistors and Zener reference diode to 
-15 V at a common point instead of ground. The substrates of the 3N190's 
should be tied to +15 V, and the substrate of the MM552D should be biased 
at -5 V. The -5 V bias can be obtained using a 1NT58 Zener diode and a 
953 resistor connected in series between -15 V and gro^md. A schematic 
illustrating these changes is not given since one can easily visualize 
the changes by studying Figure 3.1. 

The changes in the TCG outlined in the above paragraph necessitate 
a new H-switch driver circuit and a new TTL to CMOS interface circuit to 
drive the sampling resistor switching network. The TTL to CMOS interface 
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circuit will need a -5 V supply. Figure 10.3 illustrates a modification 
of the H-switch driver circuit to allow elimination of the 35 V supply 
when using TTL logic. Figure 10. U is a schematic of a TTL to CMOS inter- 
face for driving the sampling resistor switching network with no +35 V 
supply and using TTL logic. A (-5)'V hias for the TTL to CMOS interface 
is given in Figure 10.5- 

Many other modifications of the TCG which allow elimination of the 
+35 V supply are of course possible. Partial schematics which Illustrate 
the salient features of two of these modifications are given in Figure 
10.6 and Figure 10. T. The E-switch and sampling resistor switching net- 
work remain the same. The circuits illustrated in Figures 10.3, 10.^, 
and 10.5 are necessary to drive these two networks. 

Driving the TCG with CMOS Logic 

CMOS (complimentary metal-oxide semiconductor) technology is grow- 
ing rapidly today. A CMOS capability is being developed by a growing 
number of IC manufacturers. CMOS circuits have \iniq.ue features which 
demand attention from design engineers. Features like low power dissipa- 
tion and high logic noise immunity are outlined with other features in 
Reference 51. Although this work is not primarily concerned with the 
logic to be used in the pulse rebalance electronics loop. References 52 
through 59 are given as Indicative of a trend which makes the material 
given here pertinent. 

Driving with CMOS Logic with 35 V Sunnly Present 

The normal logic levels of CMOS logic are either 0 V to 10 V or 
0 V to 15 V depending on the supply used. When CMOS logic is used to 
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drive the TCG, the sampling resistor switching network can he driven 
directly hy the logic section. The TTL to CMOS interface can be dis- 
carded. An alternate H-switch driver circuit is required. The driver 
circuit must pull but little current from the CMOS logic. Such an H- 
switch driver circuit is given in Figure 10.8. The circuit in Figure 
10.8 was constructed and experimentally tested. Rise- and fall-times of 
25 nsec and 15 nsec, respectively, were achieved at the out 1 and out 2 
output terminals. 

Driving with CMOS Logic with 35 V Supply Eliminated 

Any of the modifications of the TCG discussed above which eliminate 
the +35 V supply apply for the case here. Any of these can be driven by 
CMOS logic. 

Again, if the sampling resistors and Zener reference diode are 
connected to -15 V, new circuits for the H-switch driver and sampling 
resistor switching network are required. Figure 10.9 is an H-switch 
driver circuit for the case when CMOS logic is used and no +35 V supply 
is present. Figure 10.10 is an interface circuit to drive the sampling 
resistor switching network from CMOS logic. 

The TCG with One Sampling Resistor 

Dual scale factor capability is achieved in the TCG by switching 
the sampling resistors. 

An alternative is to apply just enough torquing current to the 
gyro to handle the largest rate changes and have only one level of 
torquing current. A switching network to change sampling resistors is 












then unnecessary. An interface circuit to interface the sampling resis- 
tor switching network with the logic section is of course eliminated 
also. Operation with one sampling resistor not only simplifies the TCG, 
hut also eliminates the error caused hy switching the sampling resistors. 
In addition, the feedforward compensation on the AIi50l4M op. amp. can he 
removed. The large overdrive signals developed at the op, amp. input 
due to switching the sampling resistors would no longer exist, A simpli- 
fication of the logic driving the TCG could also he simplified since no 
scale factor command. would he necessary. 

Effect of a Lower t’VR 

The Zener reference diode used in the TCG has a breakdown of 6.2 
volts. 6.2 V is the lowest voltage breakdown presently available in a 
temperature-compensated Zener diode. However, National's LltL13 alleviates 
this problem. The LM113 is a 1.22 V temperature compensated shunt regu- 
lator diode. - Transistors and resistors are used to synthesize the ref- 
erence rather than using a breakdown mechanism. 

One major advantage of having a lower PVE is a lower power dissi- 
pation in the sampling resistors. For a PVE of 1.22 V and a torquer 
current of 30 mA, only approximately 0.037 watts are dissipated in the 
sampling resistor. With the same current and a PVE of 6.2 V, the dissi- 
pation in the sampling resistor is approximately 0.186 watts. 

Another advantage would be realized when switching sampling resis- 
tors, The transient spikes appearing at the input of the op. amp. would 
he at least three times smaller when a PVE of 1.22 volts is used. 
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The loop gain would be slightly reduced if a lower PVR were used, 
assuming all other parameters equal. This would result from a smaller 
feedback factor due to a smaller sampling resistor. With the same com- 
pensation, a larger phase margin and hence a greater degree of stability 
should result. 

A further advantage of using a 1.22 V PVR is that larger torquer 
currents could be driven without a +35 V supply than would be possible 
with a 6.2 V reference. The extra capability results from the additional 
5 volts available for dropping across the torquer coil. 

Along with the advantages of a lower PVR, one might consider the 
possibility of a current reference. There are numerous circuits available 
which may be connected in a suitable way to serve as precision current 
soTirces or sinks . The precision current source could drive a voltage 
divider network to supply a reference voltage to the op. amp. 

One principal advantage of a current reference is obvious. The 
circuit woiild, if judiciously selected, generate less noise than a Zener 
reference diode. 

Several modifications which might be made to the TCG have been 
discussed in this chapter. Elimination of the +35 V supply poses no 
great problem to the current regulator portion of the TCG. However, 
elimination of the +35 V supply does present problems with interfacing 
the TCG to the logic from which it receives its commands. Rote should 
be made of the fact that most of the modifications discussed in this 
chapter are paper designs and have not been experimentally verified. The 
circuit in Figure 10,2 -was constructed and experimentally tested by 
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Dr. E. J. Kennedy and Dr. T. V. Blalock of the University of Tennessee 
Electrical Engineering Department. The circuit in Figure 10.8 was con- 
structed and experimentally tested "by the author. 



CHAPTER XI 


EXPERIMENTAL RESULTS 

The TCG-, as it appears in Figure 3-1, was constructed and exper- 
imentally evaluated. The TCG was combined with other functional blocks 
to complete the pulse rebalance electronics loop. 

The rebalance electronics loop was evaluated using both the Honey- 
well GG33^ and Kearfott gyros. The loop functioned well with both 

gyros. Since 2CFC expressed more interest in the Kearfott 25^^ gyro at 
the time, most of the experimental data was taken with this gyro in the 
loop. 

The principal test of the TCG's performance is the current wave- 
form in the gyro's torquer coil. Other waveforms, rise- and fall-times, 
etc., around its loop are Important, but in a secondary sense. Using the 
Kearfott 2544 gyro, the rise- and fall-times ( 10-90^) for the current 
pulse through the torguer were 70 nsec and. 90 nsec, respectively. Figure 
11.1 (a) shows the waveform of the applied torguer current. Figure 
11.1 (b) shows the waveform of the voltage across the compensated torguer 
winding for 30 mA of torguing current. The waveforms in Figure 11.2 
represent the transient response of the c-urrent through the torguer as 
the torgue current is being switched from a low value of 30 mA to a high 
value of 60 mA. The pips seen riding on the waveform in Figure 11.2 (a) 
are the resiilt of the 19-2 kHz synchronous generator freguency. The rise- 
and fall-times (10-90^) in Figure 11.2 (b) are approximately 12 ysec. 

This represents approximately 8 data periods to switch ranges , since a 
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(a) Current through torquer, spin motor 
on, low torque (30 mA); 20 mA/div. , 
50 ys/div. 



(b) Voltage across torquer, spin motor, 
low torque (30 mA); IV/div, 50 ys/div. 


FIGUEE 11.1 


CUEEENT AND VOLTAGE WAVEFOBMS 
TORQUER WHEN TORQUING THE 


THROUGH AND ACROSS THE 
KEARFOTT 25U1^ GYRO 
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(a) 10 mA/div, 500 ys/div. (b) Eise- and fall-times of current. 

Svitching rate of 390 Hz. 10 mA/div, 5 ys/div. 


FIGUEE 11.2 

TRAESIENT EESPONSE OF TOEQUEE CUEEENT WHEN SWITCHED FROM LOW 
TO HIGH SCALE (30 mA TO 60 itiA) . SPIN MOTOR ON. 


H 

ro 
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data period is 1.63 sec. Figures 11.1 and 11.2 were taJcen from 
Reference 5. 

Some additional, photographs are given to exhibit experimental 
evidence of other voltage waveforms at various points in the TCG circuit. 
Figure 11.3 shows the output of the H-switch driver driving the H-switch 
at a 2.h kHz rate. Referenced to Figure 3.1> inputs S3 and Sh were 
piilsed with a TTL signal at 2.k kHz; SI and S2 were held constant in a 
manner to command a low-torque level (30 mA). The rise time of the 
H-switch driver output is approximately 22 nsec. The fall time, though 
not shown, is approximately 15 nsec. 

The waveforms given in Figure 11.4 Illustrate transient inputs to 
the AD504 m op. amp. when the torquing current levels are being switched 
(from 30 mA to 60 mA and vice-versa). Figure 11.4 (a) illustrates the 
transient spikes occurring at pin 2 of ICl when switching sampling resis- 
tors. The transients occurring here were discussed earlier in the thesis 
in relation to the feedforward compensation for the AD504 m op, amp. 

These transient spikes drive the op. amp. into a nonlinear region of 
operation and cause the long settling time mentioned above. A study of 
Figure 11.4 (b) indicates that the PVR holds the voltage at pin 3 of ICl 
relatively constant during scale factor switching operations . 

Voltage waveforms across the sampling resistors diiring scale fac- 
tor switching and the corresponding ICl op. amp. output are given in 
Figure 11.5. Some of the transient nonlinearity in the operation of the 
op. amp. during scale factor switching appears in trace A of Figure 
11.5 (b). The photographs in Figure 11.4 and 11.5 were taken under the 






(a) vertical: 5V/div 

horizontal: 100 ys/div 


(h) vertical: 5V/div 

horizontal: 10 ns/div 


FIGUEE 11.3 

M OUTPUT OF THE H-SWITCH DRIVER (GATE OF Q4B.) 
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(a) Trace A - pin 2, ICl 
Trace B - top of E - 
Vertical: 2V/di’v ^ 

Horizontal: 200 ys/div 


(b) Trace A - pin 3> ICl 
Vertical for Trace A: 
0.05V/div with AC 
coupling. 

Trace B - top of R „ 
Horizontal for A,B? 
200 ys/div 


FIGURE 11.4 

TRANSIENT INPUTS TO THE AD504m OP. AMP. WHEN SWITCHING 
TORQUING SCALE FACTORS (30 mA-60 mA) 
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(a) Top of E , 

Vertical? 2V/div 
Horizontal: 200 ys/div 


(b) Trace A - pin 6, ICl 

Vertical scale for trace A: 
0.2V/div 

Trace B - Top of R p 
Vertical scale f ©retrace B: 
2V/div 

Horizontal scale for A, B: 
200 ys/div 


FIGURE 11.5 


VOLTAGE WAVEFORMS ACROSS SAMPLING RESISTORS AND AT ICl OP. AMP. 
OUTPUT DURING SCALE FACTOR SWITCHING (30 mA~60 mA) 


ON 
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following conditions: with reference to Fig\ire 3.1, S3 was held at +5V 

and Sif- at OV; SI and S2 were driven by the TTL to CMOS interface circuit 
in Figure 3*2, at a 1 kHz rate. 

The TTL to CMOS interface in Figure 3.2 was experimentally evalu- 
ated. With reference to Figure 3.2, the observed rise time at S7 or S8 
was 60 nsec. The observed fall time at the same terminals was l6 nsec. 



CHAPTER XII 


CONCLUSIONS 


A. Stmanary 

The ohjective of this thesis was to design, implement, analyze, 
and experimentally evaluate a torgue cvirrent generator with optimum per- 
formance. The primary expected application for the TCG was that it he 
used in a width-modulated binary pulse rebalance electronics loop for 
strapdown gyroscopes. A degree of versatility was to be built into the 
circuit so that a wide range of current levels might be achieved with a 
wide range of gyros. As a means of evaluating the resulting design, the 
following criteria were chosen as figures of merit : steady-state accu- 

racy; margins of stability against self-oscillation, temperature varia- 
tions, aging, etc.; static and drift errors; PVR errors; transient errors; 
classical frequency and time domain characteristics; and the equivalent 
noise at the input of the op. amp. 

Chapter I presented brief background material on current regulating 
problems associated with strapdown gyros. Two commonly used schemes for 
current levels incorporated in pulse torquing methods were briefly dis- 
cussed. 

In Chapter II, design considerations for the TCG were discussed. 
References 1 through k were relied upon heavily for experience in forma- 
lizing a well-founded design approach to the TCG problem. 

Implementation of the TCG was detailed in Chapter III. The DC 
feedback loop was outlined in general, and each functional block was 
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discussed in particular. In addition, torg,uer compensation and a TTL to 
CMOS interface circuit were discussed. 

Chapters IV through X presented the analysis section of the TCG. 

The figures of merit mentioned immediately above , as well as other per- 
tinent aspects of the TCG, were obtained and discussed, A svumnary in 
tabiilar form of the principal resxilts will be presented shortly. 

Some of the more important experimental results were reported in 
Chapter XI. Those of prime concern will be listed in Table 12.1 along 
with the analytical entries. 

Table 12.1 is a tabular summary of theoretical and experimental 
performance characteristics of the TCG, Experimental entries are indi- 
cated by (*) following the item entry. 

B. Suggestions for Further Study 

■While working on the material in this thesis, several areas sur- 
faced where work in addition to that presented here would be desirable. 
Some of these aftertho^^ghts will be presented here. 

The TCG system is not purely continuous , but has associated digital 
elements. A system analysis to include these elements would be educa- 
tional. 

Radiation effects upon the operation and performance of the TCG 
have not been explored in this thesis. An interdisciplinary study on 
this topic might clarify some of the unknowns about the long-term char- 
acteristics of the TCG in its proposed environment. 

The possibilities of using more CMOS circuitry in the TCG should 
be investigated. Power conservation techniq.ues could be mated with this 
topic. 



TABLE 13.1 


A TABULAE SUMMAEY OF THEGEETICAL AMD EXPERIMENTAL 
PERPOEMMCE" eHAEACTER-ISTICS OF THE TCG 


Item 

High-Torque 

Case 

Low-Torque 

Case 

Magnitude of midtaii'd loop transmission 

157.3 dB 

159.4 dB 

Actuating-error , e (t), under steady-state 
conditions 

0.0136 ppm 

0.011 ppm 

Error (Precision Voltage Reference') 

2'. 2 ppm/°C 
(<96 ppm/month) 

3.6 ppm/°C 

Static and drift errors in sensed current 

0.7 ppm and O.O7 ppm/*^C 


Overall Accuracy (worst-case analysis) 

£(3.6 ppm/°C and 96 ppm/month) 
+(0.7 ppm and 0.07 ppm/°c 
+(<75 ppm) 

Gain ma,rgin 

21 dB 

18 dB 

Phase- margin 

30° 

270 

Gain crossover frequency 

105 kHz 

130 kHz 


I 

TABLE 12.1 Ccontinued) 


Item. 

High-Torque 

Case 

Lo'W'-Torque 

Case 

Phase crossover frequency 

600, kHz 

600 kHz 

Closed-loop' high corner frequency 

200 kHz 

205 kHz 

Bandwidth (closed-loop) 

200 kHz 

205 kHz 

Magnitude of peaking in closed-loop frequency 
response 

6.1 dB 

7.0 dB 

Frequency of -peaking 

108 kHz 

130 kHz 

Magnitude of closed-loop voltage gain 

5.66 dB 

3.28 dB 

Change in loop transmission with temperature 

3760 ppm/°C 
or 1.875^ 
for a 5° C 
change 

3840 ppm/®C 
or 1.919% 
for a 5° 
change 

Error (I • ,) due to transient feedthrough 

currenli in n-switeh 

7 ppm 

l4 ppm 

1=1 mA', limit' cycle- freq. = 2,U kHz 


420 ppm 

1=1 inA', limit cycle freq. = 10 kHz 

"G 


1750 ppm 



Total RMS noise at input of ICl op. amp. in the 
frequency hand 0.1 Hz to 200 kHz 

Rise time' (10-90/?) of current through torquer (*) 

Fall time (l0-90^) of current through torquer (*) 


Ccontinued) 


High-Torque 

Case 


Low-Torque 

Case 


4.7 ^ amp. -sec, or 

9.6 X lO"" arc-sec for 
Kearfott Model 25^^ gyro 

1 X 10 an^j.-sec. or 
2.05 ^ lO"^ arc-sec for 
Kearfott Model 2544 gyro 

8.3 X 10~^ amp. -sec. or 
0.017 arc-sec for Kearfott 
Model 2544 gyro 


70 ns 
90 ns 
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TABLE -12,1 (continued) 



High-Torque 

Low-Torque 

Item 

Case 

Case 


Rise and fall times when switching scale factors 
(30 mA - 60 mA) (*) 


5-10 ys 


Settling time when switching" scale factors 

(30 mA - 60- mA) (*) 12 ys 

Rise time of H-switch driver output (*) 22 ns 

Fall time- of -H»-Ewit'ch driver output (* ) 15 ns 

Rise time of TTL' to CMOS' interface output (*) 60 ns 

Fall time of TTL to CMOS interface output (*) l6 ns 


(*) indicates- -experimentaliyohserved quantities. 
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Circuit layout is a very important parameter in circuit perform- 
ance. A useful study -would be to seek an optimum layout of the TCG for 
optimijm performance. 

Optical isolators are faster no-w than when this work was begim. 

The possibility of using these devices in the H-switch should be inves- 
tigated. 

The TCG was not purposely designed with low noise performance as 
a principal goal. Although components were chosen with noise considered;, 
noise was somewhat relegated to a status of lesser importance than steady- 
state accuracy, etc. A study on components, biasing, etc., to optimize 
the noise characteristics of the TCG withoug sacrificing circuit per- 
formance would be a healthy undertaking. Flicker noise compensation in 
the MOSFET's needs investigating.^*^ 

A study on new MOSFET's available for use in the TCG would be 
helpful. The technology is growing so rapidly as to obsolete some older 
devices. Perhaps SOS MOSFET's should be experimentally evaluated in the 
circuit to ascertain advantages and disadvantages of such devices. 
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APPENDIX A 


DEVELOPMENT OF EQUATION (2.3) FOR ERROR 
ANALYSIS OF SCALE FACTOR AND BIAS 
CURRENT ERRORS IN LONER 
H-SWITCH ELEMENTS 


The following equations apply to the circuit illustrated in Figure 


2.5. 


0 . (A.l) 

p T 


I = 




■^2®o 


9 


- A^A^ (u) - e^] 


(A. 2) 


I . 

T1 R^ 


(A.3) 


Equations (A.l) and (A. 2) can he rewritten as 




1 

[Vt J 

®1 " 
. 



®2 j 


(A A) 


and 
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■_1 . 



R ^ “ 

K , 

®1 “ 

Vt 


- ~ A A 
12 


V, 


Ref 


(w) 


(A. 5) 


respectively. The result of using Cramer's rule to solve for and 
and then substituting these values into Equation (A. 3) is 


1^1 = 


-[I^(co) + [R^ + E^R^A^(jm)Ag(jg))3 


(a. 6) 


■where 


Xt = R + R + 
lop 



(A. 7) 



APPENDIX B 


TOEQUER COMPENSATION FOR THE KEAEFOTT 
MODEL 2544 GYRO 


The torquer coil of the gyro must he compensated if undesirable 
transients due to switching current levels and polarity are to he mini- 
mized. Optimum compensation for switching current polarity is not opti- 
mum compensation for switching current levels. With the modified Hamil— 

5 

ton Standard logic used with the U. T. system, switching current levels 
occurs far less frequently than switching current polarity at the 2.4 kHz 


limit cycle rate. Hence, less error should he incurred hy compensating 
the torquer coil for the 2.4 kHz rate of switching current polarity. 

Figure B.l, shown helow, will he used to aid in calculating the 


required values of and Experimental values of = 71*7 - 


3.08 mH, and C 

s 


C = 20.4 pF are given in Chapter III. In the cal- 

iDXI*3.y* 


culation to follow, 



FIGURE B.l 

EQUIVALENT CIRCUIT OF THE TORQUER 
COIL AND COMPENSATION 
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the stray capacitance is neglected. 
From Figvire B.l, 


Z(s) = 


V[s) 


<°Vtc . 

=%‘=tc =<®tA= + Vt=> + 1 


(B.l) 


Let = E^. Equation (B.l) "becomes 

s L^E^C^^ + s(E^ + L^) + E^ 

Z(s) = P 

s + ^(2E^C^e^ ^ ^ 


(B.2) 


If s = j(j), then 


Z(jto) 


(1 - + jw(2KiCt„) 


a + ,1h 

e + jd • 


(B.3) 


Z(jto) will "be resistive if ad = "be, or 


<«T - “VAo> ^T> - “Vtc> 


(B.U) 


Equation (B.4) can be written 


tc 


2 2 2 
+ ti) L„ 

* m 


2 2 


T 

"^tc "-2rT2 


= 0 


(B.5) 


0) 




Substitution of R^ = T1*T ~ 3.08 mH, and O) = 2vf = 2v(2.1t kHz) = 

15079.64 .rad/sec into Equation (B.5) gives 
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- (2.03 X 10“^) + (8.602 X 10"^’^) = 0 . (B.6) 

Equation (B.6) is in the form 

2 

ax + hx +c=0, (B.7) 


which is the quadratic equation. Applying the quadratic formula to 
Equation (B.6) yields two values of “ 0.6025yF; and “ 

l.it28viF. The lesser value of capacitance can then he chosen as the com- 


pensation capacitance. was set equal to earlier. Hence, the com- 

pensation values axe 


E^^ - 71.7 R, ~ 0.60 yF . 


(B.8) 


A calculation similar to the one above was performed with the 

stray capacitance included. To four significant figures the result was 

the same as for the case neglecting C . 

s 



APPENDIX C 


OPEN-LOOP FREQUENCY RESPONSE OF AN 
OP. AMP. FROM CLOSED-LOOP 
INVERTING MODE DATA 

Consider an operational amplifier with an open-loop voltage gain 
A, as yet unknown. The device may he operated in a closed-loop inverting 
mode as illustrated in Figure C.l. 



FIGURE C.l 

CLOSED-LOOP IKVERTING-MODE CONFIGURATION 
OF AN OPERATIONAL AMPLIFIER 


The following equations may he written with reference to Figure 

C.l: 



R 


1 




+ 



(C.l) 
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and 


V 


3 



(C.2) 


Equation (C.l) can be solved in terms of and to give 


^2 = 


^2 


E. 


V. 


^1 

R, + R, 


V, 


(C.3) 


A brief study of Equation (C.3) and Figure C.l indicates that Figure C.l 
can be represented as illustrated in Figure C.2. 



FIGURE C.2 

A FEEDBACK CONFIGURATION HAVING THE SAME 
PARAMETER RELATIONSHIPS AS FIGURE C.l 


The diagram illustrated in Figure 


C.2 can be transformed 


33 


to 


that illustrated in Figure C.3. 
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Using Figure C.4, the following set of equations may he written: 




-E, 


El -Eg 


A V 


X 


(C,U) 


V = V, + ; 

X 1 f 


(0.5) 


V = — V 
f Eg ''3 


( 0 . 6 ) 


Solving Equations (C.k), (C.5)j and (0.6) for in terms of and sim- 
plifying, yields 


,CL_i -^2 


(0.7) 


CL . 


A^ is the closed-loop voltage gain of the op. amp. 


The Nichols chart is set up to accommodate data from a unity feed- 
back system. Note in Figure C.ii that if E^^ = Eg, a unity feedback system 
resvilts. Therefore, for ease in graphical analysis, choose 


\ Eg , 


( 0 . 8 ) 


Equation (C.7) becomes 




(0.9) 



201 


Define 



(C.IO) 


Then, 




1 + ’ 


(C.ll) 


and 






1 + A^ 



1 


(C.12) 


Equation (C.12) is in the form 


T 

1 + T ’ 

CL 

where the feedback factor, B, is unity. Experimental data for A^ can 
be obtained using the configuration in Figure C.l. This data can be 
plotted on the curvilinear coordinates of the Nichols chart using fre- 
quency as a parameter. A^ can then be taken from the linear coordinates 
of the Nichols chart and plotted as a Bode plot. A is obtainable from A^» 
From Equation (C.IO), 



A = 2A^ . 


(b.i3) 



202 


Obviously, A has the same phase plot as A^. The magnitude plot in dB 
for A is related to that of A^ by 



|A,I 


dB 


+ 6 dB . 


(C.lli) 



APPEKDIX D 


OUTLINE, PLOTS, AND DATA FOE A GEAPHICAL 
SOLUTION OF THE CLOSED-LOOP FEEQUENCY 
EESPONSE FEOM T VIA A 
NICHOLS CHAET 


A graphical solution of the closed-loop frequency response of the 
torque current generator using a Nichols chart involves the following 
steps : 


(1) Construct a Bode plot of jT| and _/T. This was done in 
Chapter IV. 

( 2 ) Using the data from step (l) , construct the plot of |t| 
versus /T on the linear coordinates of the Nichols chart 
with frequency as a parameter. Figure D.l in this appendix 
contains these plots . 


(3) The values of 


T 


T 


and / (p + p) read from the 


(1 + T)| 

curved coordinates of the Nichols chart. Data of this type 
is contained in Table D.l of this appendix. 

Using the data from step (3)j construct the Bode plot of 

/t 

and/^. 

T 


T 


(1 + T) 


(5) Combine the Bode plots of 


(1 + T) 


and (— ) to form a plot 

J3 


of A^. 


The plots of step (U) are not shown. However, the plot of step 
(5) is given as Figure 
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TjUBLE D,1 


DATA FOR- GRAPHICAL SOLUTION OF CLOSED-LOOP- FREQUENCY 
RESPONSE- FROM- T VIA NICHOLS CHART 


Freq. 


|T|(dR-) 

11 c°) 

|T|CdB) 

11 C°) 


l—{°) 

/l+T^ ' 

1 T 
|l+T 

CdB) 

/l+T^ '' 

Parame-ter 

f 

(L.T. ) 

(-L.T;). 

Ca.T.) 

Ch.t,.) 

•(L.T..) 

Cl.t.) 

Ch.g 

1) 

(H.-T.) 


20 kHz 

24 dB 

105 

21.9 dB 

105 

0.11 

-3.T 

0.15 

VO 

1 

^2 

30 k 

20 

ll6 

IT. 9 

116 

0.35 

-5.5 

0.42 

-T-3 

^3 

40 k 

IT 

124 

i4.9 

124 

O.TO 

-T.5 

0.80 

-9.5 


50 k 

14 

130 

11.9 

130 

1.1 

-10 

1.3 

-13 

"5 

60 k 

11 

135 

8.9 

135 

l.T 

-15 

2.0 

-19 


TO k 

9 

l4i 

6.9 

i4l 

2.3 

-18 

2.8 

-25 


80 k 

T 

l44 

4.9 

144 

3.2 

-23 

3.9 

-33 

^8 

100 k 

4 

150 

1.9 

150 

5.1 

-35 

6.2 

-5T 

^9 

130 k 

0 

154 

-2.1 

154 

T.O 

-TT 

4.T 

-10 4 

^10 

200 k 

-5 

15T 

^T.l 

15T 

0.5 

-132 

-3.0 

-i4o 

"ll 

300. k 

-11 

163 

-13.1 

163 

-8.2 

-15T 

-11 


-158 
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TABLE IHI- Ceontlnued) 


Fre<i. 



/T (°) 

iT| CdB) 

/T (°) 

T 

l+T 

CdB) 

/l+T^ •' 

T 

l+T 

(dB) 

h (°) 

/i+T'‘ ’ 

Parameter 

■ f 

(L.T.) 

(L.T..) 

(H.T.) 

tH.T:) 

(L.T.) . 

Cl.t.) 

Ch.t.) 

Ch.t. ) 

^12 

400 k 

-15 

170 

-17.1 

1'70 

-13.5 

-168 

-15.5 

00 

t 

"l3 

500 k 

“17 

174 

-19.1 

174 

-15.5 

-173 

-17.5 

-173 

^14 

600 k 

-19 

-180 

■ -21.1 

l8o 

-17.5 

-l'8o 

-20 

-180 


ro 

o 

ON 



APPENDIX B 


DERIVATION OF THE LOOP TRANSMISSION OF THE 
TORQUE CURRENT GENERATOR 

The loop transmission of the TCG loop has the general form 

T = A^°^ B , (E.l) . 

where is the open-loop voltage gain and B is the feedhack factor. 

B was shown in Chapter IV to he frequency independent over the frequency 
range of interest. The frequency dependence of T then lies in 

can he expressed as the product of a midhand value of A^^^, 

(mid), and. some frequency dependent factors representing the poles and 
zeros of the TCG loop. 

With .the aid of Figure 3.1, the following esipression for A^^^(mid) 
may he written: 


A^*^^(mid) = A^^(mid) A^A^^A^ . (E.2) 

In Equation (E.2), A^^(mid) is the midhand voltage gain of the AD50iiM 
op. amp.; A^ is the voltage division factor from the output of the op. 
amp. to the input of QIA; A^^ is the midhand differential voltage gain 
from the base of QIA to the collector of QIB; and, A^ is the midhand 
voltage gain of the Darlington pair consisting of Q2B and Q3. 


20T 
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From the manuf actiirer ' s data hook, 

A^^(mid) Si -8 X 10^ . 


(E.3) 


The negative sign in A^^(mid) is used to indicate that the correction 
signal is fed to the inverting input of the op. amp. T must he negative 
for negative feedback. From Figure 3.1, 


""ilA == (^lA ^ t"elA ^ R8 r^^^ - 


E9 


IB 


+ 1 


•] . 


(E.H) 


Then, 




^ilA 


ilA \ 


(E.5) 


Substitution of the proper values from the circuit and bias calculations 
into Equations (E.U) and (E.5) yields 


^ 0.997 .• 


(E.6) 


Equation (E.6) holds for both the low- and high-torque cases. 


dl 


r6 

r + ET + R8 + r + - 
elA elB 3 


E9 


IB 


+ 1 


(E.7) 


Substitution of the proper values into Equation (E.7) gives 



(L.O?.) 17.5 
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(E. 8 ) 


and 


(H.T.) - 17. T 


(E. 9 ) 


for the low™ said high-torque cases, respectively, 

(P3 + 1) Kj 

^2 - 


(E.IO) 


for both the low- and high-torque cases. E-d is the resistance seen look- 

h 

ing out from the emitter of Q 3 . 

From Figure 5 . 5 > the following values of B may be calculated: 


and 


B (L.T. ) = 0.684 , 
B (H.T.) = 0.520 . 


(E.ll) 


Equations 
substituted into 


(E. 2 ) through (E.ll) provide information which, when 
Equation (E.l), yields 


T 

mxd 


(L.T.) - 9.55 X lo"^ , 1 


T 

mid 


(H.T. ) 7.34 X 10' . 


(E.I2) 
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The values of T^^. ^ given in Sq^uation (E.12) are midband values of the 
loop gain for the TCG. 

However, T is a function of frequency. The poles and zeros of T 
must be determined to completely describe T. 

The TCG is completely DC coupled. Since no zeros occur in the 
response of the AD504 m op. amp. in the region of interest, the only zero 
in the expression for T will be that due to the RC lag network. The 
experimentally-obtained open-loop frequency response curve for the AD50iiM 
op. amp. is given in Figure U.2. A brief study of this curve indicates 
that the curve can be closely approximated over the frequency range of 
DC to 1 MHz by the expression 


A^^(mid) 


-8 X 10 


A V ^ — V 

vl (l + ST^)(1 + ST^) [l + s( 39»8 sec)][l + s(0.398 ysec)] 


[1 + 5 


-8 X 10 

^ IFl 

O.OOit Hz 


][1 + j 


i+00 kHz 


The impedance seen looking into the top of the H-switch was shown 
in Chapter V to appear purely resistive to approximately 10 MHz. The re- 
maining frequency dependence of the TCG is associated with Ql, Q2, and 
Q3s their bias networks, and the RC lag network. In fact, the relevant 
zero and poles are contained in the interaction of the output of QIB, the 
input of Q2B,' and the RC lag network. The pertinent formulas for calcu- 
lating the zero and pole locations for such a case are given in Reference 
29. For the ease at hand, these are: 
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^'^^eglB ^^LeqlB * 


(e.i4) 


‘^LealB ^c 


C 1T3 + C 

i Leq.lB c 


(E.15) 


~ 2ttR C 
c c 


(E.16) 


^LeqlB *^LeqlB equivalent impedance from the collector 

of QIB to ground with the lag net-worh disconnected. 

E^eqig easily he approximated as 6.2 k fi. 
more complicated. Reference 29 again has the appropriate formulas for 
making the approximation. The output capacitance of QIB may he approxi- 
mated as 


^out(lB) ^oh(lB) * 

e 


(E.IT) 


■where R^ is the equivalent base resistance, and R^ is the total AC resis- 
tance in the emitter circuit . Substitution of proper parameter values 
into Equation (E.17) yields 


“outdB) “ r'’ 
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The input capacitance of Q2B can he conservatively approximated as 


^in(2B) ^ • 

(E.19) 

Then, 


LeqlB out (IB) in(2B) ^ 

(E.20) 

Values for and C^, as given in Figure 3.1, are 1.5 k 
respectively. Substitution of the proper E and C values 
(E.i 4), (E.15), and (E.i 6) gives 

and S60 pF, 
into Equations 

f , = 6i|.0 kHz ; 
pi 

(E.21) 

f ^2 - 2.86 MHz ; 

(E.22) 

and 


f S' 295 kHz . 

(E.23) 


These are approximately the same for both torquing levels. 

The indicated product ■^2_'^^1'^2 Eq.uation E.2 represents the 
voltage gain from the output of the op. amp. to the output of the current 
regulator (emitter of Q3). Using the appropriate parameters from the 
above discussion, this gain can be represented as 
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^2 ~ ’ 

A^2(mid) (l + j ~) 
z 

(l + J (l + j 

pi p2 


(E.2l|) 


Combining the necessary equations from this appendix, an expression for 
T as a function of frequency may be written. For the low-torque case. 


T(L.T. ) - 


(-9.55 X lob (1 ^ J 


1 + a 


O.OOU Hz 


1+j 


6it kHz 


1 + 5 


1^00 kHz 


1 + j 


2.86 MHz 


(E.25) 


Similarly, the high-torque case T may be written 


T(H.T. ) - 


(-7.34 X 10 ) (l + j 295 kHz^ 


1 + j 


0.004 Hz 


^‘^'^64 kHz 


1 + j 


400 kHz 


1 + j 


2.86 MHz 


(E.26) 


The magnitude of T will be at least -10 dB by the time the zero 
at 295 kHz is reached, and even more negative for the two higher poles. 
Within a reasonable error, T can be approximated as 




T 

mid 


1 + j 


f 

0.004 Hz 


1 + j 


f 

64 kHz 


T(L.T.) 


(-9.55 X lo'^) 


1 + j 


0.004 Hz 


1 + i 


64 kHz 


(-7.34 X lo'^) 


1 + j 


0.004 Hz 


1 + j 


64 kHz 


(E.27) 


(E.28) 


T(H.T.) = 


(E.29) 
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